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To see a world in a grain of sand
And a heaven in a wild flower
Hold infinity in the palm of your hand

And eternity in an hour.

William Blake

Fool: The reason why the seven stars are no more than seven is a pretty reason.
King Lear: Because they are not eight?
Fool: Yes, indeed: thou wouldst make a good fool.

King Lear, Act II, scene V

This is a system!?

Mitch Kronenberg
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ABSTRACT

The structure and evolution of a small Vi gene family called the T15
family was analyzed. It was determined that although selection pressure appeared
to be operating to maintain the coding region sequence of these Vy gene
segments, these gene segments were diverging from one another very rapidly.
Sequences were identified in the 5' flanking region that were conserved between
all Vi gene segments and were hypothesized to be important for immunoglobulin
heavy-chain gene transcription. Related sequences were identified in immuno-
globulin V| gene segment and histone H2B 5' flanking regions, implying coordinate
expression between these genes and the immunoglobulin heavy chain genes.

The structure, organization, evolution, and the generation of diversity in
the genes encoding the T-cell antigen receptor were analyzed. The T-cell antigen
receptor consists of two chains, referred to as the a and 8 chains. Each chain
consists of two regions, a variable region and a constant region, that are encoded
by two different genes. The gene that encodes the variable region of the g chain
was found to consist of three gene segments, denoted VB’ DB’ and J g The V g 8ene
segment encodes the first 280-300 bp, the DB gene segment encodes the next
10-15 bp, and the JB gene segment encodes the final 50 bp of the variable region
gene. The rearrangement event that juxtaposes these gene segments during
lymphocyte differentiation appears to be mediated by the same recognition signals
that mediate immunoglobulin V gene rearrangement.

Diversity was found to be generated in at least three different manners in
the VB gene. Combinatorial joining permits the rearrangement of different V, D
and J gene segments to each other to provide different V gene sequences.
Deletion of nucleotides from the ends of the germline gene segments and the
random addition of nucleotides at the junction of the rearrangement event are two

other mechanisms for generating diversity. A comparison of a rearranged V gene
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with the corresponding germline gene segments showed that with the exception of
the junctions, the sequences were identical. Therefore, there is no evidence that
somatic hypermutation, the random addition of point mutations to the V gene
during late stages of B lymphocyte differentiation, is utilized by the T-cell
antigen receptor as it is by immunoglobulins.

The initial stage of V,; gene formation was found to be the rearrangement
of the D, gene segment to the JB gene segment. Both germline.DB gene segments
appear to have promoters in the 5' flanking regions that can often result in the
transcription of a 1.0 kb mRNA containing DB—JB—CB sequences after DB—JB
rearrangement. This 1.0 kb mRNA message is present at a high level in the
thymus but at lower levels in the spleen, lymph nodes, and in mature T cells,
implying that this message or a protein product encoded by this message may be
important in T cell ontogeny.

Analysis of the protein sequences of the variable regions of the a and 8
chains revealed conserved amino acids that are found in all variable region genes.
Many of these amino acids were found to be important for V domain structure in
immunoglobulins and may be important for the structure of the V,-Vg domain as
well. In addition, analyses of the g-strand forming potential and the relative
hydrophobicity of the side chains of the amino acids that make up the T-cell
antigen receptor variable regions have indicated that these properties are very
similar to those of the immunoglobulin variable regions. These analyses indicate
that the immunoglobulin and T-cell receptor antigen-binding regions may be very

similar in structure to each other.



CHAPTER ONE

INTRODUCTION



The immune system

The immune response is the primary mechanism utilized in the defense
against invading organisms, the destruction of neoplastic cells, and the rejection
of foreign grafts. This response is mediated by two distinct populations of cells:
B lymphocytes and T lymphocytes. B lymphocytes, responsible for the release of
antibodies, originate and mature in the bone marrow and accumulate in the spleen
(reviewed in Whitlock et al., 1985). T lymphocytes can be subdivided into three
classes: T helper cells (TH) respond to antigen by releasing factors that stimulate
a B cell specific for the same antigen to release antibody and to proliferate
(Mitchell and Miller, 1968; Cantor and Boyse, 1975), T suppressor cells (T¢) release
factors that inhibit these B cell processes (Gershon, 1974), and cytotoxic T cells
(T) recognize and kill virally-infected cells and reject foreign grafts (Cerottini
et al., 1979). T lymphocytes originate in the bone marrow and subsequently
migrate to the thymus. The vast majority of the T cells die in the thymus; the
small fraction of survivors become immunocompetent and migrate to the spleen
and other peripheral lymphatic organs (reviewed in Scollay et al., 1984;
Rothenberg and Lugo, 1985).

Both B and T lymphocytes are activated upon recognition of antigen by
their cell-surface antigen receptor. In the case of the B cell, the receptor is the
membrane-bound immunoglobulin; in the case of the T cell, the receptor is the
antigen-specific T-cell receptor. Although the immune system is capable of
recognizing and responding to a seemingly infinite number of antigens, individual
lymphocytes can recognize only a limited number of antigenic determinants. The
wide diversity of the immune response as a whole results from a large population
of different lymphocytes, each capable of recognizing a different set of
determinants. The nature of the specificity of lymphocytes and the mechanisms
for generating the diversity necessary for the complete immune response has been

studied for many years.



Analysis of immunoglobulin proteins

The initial biochemical work on lymphocyte diversity was conducted almost
solely on immunoglobulins. Structural analyses of antibody polypeptides defined
the existence of two chains that make up the immunoglobulin: the light chain, and
the heavy chain (Figure 1). Using different antisera that bound immunoglobulin, it
was possible to subdivide the light chains into two classes, « and 1, and to sub-
divide the heavy chain into eight classes in mice (Igu, Igs, Igyl, Igy2A, Igy2B, Igvy3,
Ige, and Iga) and nine classes in humans (Igu, Igs, Igyl, Igy2, Igy3, Igy4, Ige, Igal
and Iga2) (for review, see Lennox and Cohn, 1967). Sequence studies of A chains
that identified variable and constant regions (Hilschmann and Craig, 1965; for
review, see Putnam et al., 1971) led to the revolutionary proposal that the
immunoglobulin chains are encoded by two genes, one for the variable portion and
the other for the constant portion (Dreyer and Bennett, 1965). More detailed
structural analysis revealed that the amino-terminal variable regions of both
heavy and light chains contain three short regions of high variability (Wu and
Kabat, 1970; Capra and Kehoe, 1974) which were referred to as hypervariable
regions (Figure 1). Analyses of the three-dimensional structure of the immuno-
globulin molecule indicated that these hypervariable regions comprised the
antigen-contact regions (Padlan et al., 1973; Amzel et al., 1974; Segal et al.,
1974). The remaining portions of the variable region were found to be relatively
less variable and were referred to as the framework regions (Figure 1). Sequence
comparisons of the different variable regions from the heavy, lambda, or kappa
chain families revealed that each consisted of different subgroups of V regions
that had similar amino acid sequences and sequence alignments (Hood et al., 1968;
Milstein, 1967; Cohn et al., 1974). While the different members of each subgroup
were homologous, V regions from different subgroups showed only slight homology

to each other. [t was also observed that every individual was capable of producing
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immunoglobulins that utilized the same set of subgroups (Grant and Hood, 1971).
These data indicated that a large number of germline genes existed to encode the
many different variable regions. Conversely, a catalogue of the differences
between kappa variable regions suggested that each appeared to be random; this
implied that a limited number of V region genes existed, and that somatic
mechanisms generated the V region diversity (Lennox and Cohn, 1967; Smithies,
1967; Hood et al., 1976). Sequence analyses of a large number of heavy and light
chain variable regions from different myelomas that bound phosphorylcholine
suggested that all utilized closely related, but distinct V regions, and that the
variability between the different V regions appeared to be correlated to the type
of constant region utilized by the immunoglobulin (Gearhart et al., 1981). Thus,
there was strong evidence to indicate the existence of both a large number of
germline genes and a somatic mutational mechanism to generate immunoglobulin

diversity.

Genomic organization of the immunoglobulin genes

With the development of recombinant DNA techniques, it became possible
to study the problem of antibody diversity. on the nucleic acid level. There are
two separate light chain gene families: kappa, and lambda. The light chain is
encoded by two genes, denoted VL and CL’ that encode the variable region and the
constant region, respectively (Hozumi and Tonegawa, 1976). The gene that
encodes the variable region actually consists of two gene segments, denoted V
and J;, that are separate in the genome and are brought together by DNA
rearrangement to form the complete V| gene during lymphocyte differentiation
(Figure 2) (Brack et al., 1978, Seidman et al., 1979, Sakano et al., 1980). There
are 90-320 murine V_ gene segments and perhaps only 15-20 human V _ gene

segments (Bentley and Rabbitts, 1980; Cory et al., 1981; Zeelon et al., 1981).
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These V gene segments can be subdivided into subfamilies of gene segments that
share 75% or greater homology on the DNA level; in the mouse, there are at least
five subfamilies, ranging in size from two to greater than 20 members (Cory et
al., 1981). There are four functional J gene segments and one pseudo J, gene
segment in the mouse genome, and five functional human J_ gene segments
(Figur‘e 3) (Max et al., 1981; Hieter et al., 1982). There is only one kappa constant
region gene in both mice and humans, consisting of a single exon (Altenburger et
al., 1981; Max et al., 1981). The J gene segments are clustered 2.6 kb 5' to the
C, gene, with the V _gene segments located an undetermined distance 5' to the J_
cluster. There appear to be two V, gene segments, three functional and two
pseudo J, gene segments, and four C, genes in the mouse genome (Bernard et al.,
1978; Brack et al., 1978; Blomberg et al., 1981; Blomberg and Tonegawa, 1982;
Miller et al., 1982; Tonegawa et al., 1978; Wu et al., 1982). The organization of
the lambda locus is more complicated than the kappa locus; the four constant
region genes each have a single functional J, gene segment in the immediate 5'
flanking region, with the exception of C, 3, which has one functional J, and one
pseudo J, gene segment. Analysis of many lambda chains indicated that one V,
gene segment always associated with two of the C, genes, while the other V, gene
segment always associated with the other two C, genes (Appella, 1971; Weigert
and Riblet, 1976; Dugan et al., 1973; Elliot et al., 1981); these data led to the
hypothesis that the lambda locus was organized as V-J-C-J-C-V-J-C-J-C (see
Figure 3) (Elliot et al., 1982).

The genes that encode the heavy chain are structurally very similar to the
light chain genes. The heavy chain variable region is encoded by three gene
segments, VH’ DH’ and JH, that rearrange to form the complete VH gene
(Figure 2) (Early et al., 1980; Sakano et al., 1980). There are a large number of

Vy gene segments; recent studies using C T analyses indicate that the Vi gene
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family has over 1000 members (D. Livant et al., in preparation). Like the vy
genes, the Vi gene family can be subdivided into at least seven subfamilies
ranging in size from four to 1000 members (Crews et al., 1981; Brodeur and
Riblet, 1984; Dildrop, 1984; Livant et al., in preparation). Gene segments within a
subfamily appear to be clustered; the average spacing distance appears to be
approximately 23 kb, although it can range from 2 kb to greater than 60 kb (S.
Crews, E. Springer, G. Siu, and L. Hood, unpublished). There are perhaps 1! Dy
gene segments subdivided into at least three different subfamilies in mice
(Kurosawa and Tonegawa, 1982), and four Dy gene segments in two subfamilies in
humans (Siebenlist et al., 1981). There are four mouse Jy gene segments, and six
functional and three nonfunctional human Ji; gene segments (Bernard and Gough,
1980; Early et al., 1980; Sakano et al., 1980; Gough and Bernard, 1981; Ravetch et
al., 1981), located approximately 6 kb 5' to the Cu genes. The first Dy gene
segment, DQ52, is located 700 bp 5' to JHI in mice, and between le and JHl in
humans (Sakano et al., 1981; Ravetch et al.,, 1981). There are eight murine
constant region genes, u, §, Y3, vl, v2B, y2a, ¢, and a (Shimizu et al., 1982), each
corresponding to a different antibody class (Figure 3). The human constant region
locus consist of nine functional genes, yu, §, vl, v2, v3, v4, ¢, al, and «2 (Ellison et
al, 1981, Ellison and Hood, 1982; Rabbitts et al., 1981; Ellison et al., 1982;
Takahashi et al., 1982) and three pseudogenes: one homologous to CY, and two
homologous to CE (Battey et al., 1982; Flanagan et al., 1982; Max et al., 1982;
Nishida et al., 1982; Takahashi et al., 1982; Ueda et al., 1982). The CH genes are
composed of either three (8, a) or four (yl, y2A, v2B, v3, ¢, and u) exons, each
encoding a functional and structural unit of the heavy chain (Honjo et al., 1979;
Tucker et al., 1979; Yamawaki-Katoaka et al., 1980; Ollo et al., 1981; Tucker et
al., 1981; Yamawaki-Kataoka et al., 1981; Cheng et al., 1982; Ellison et al., 1982;

Ellison and Hood, 1982; Ishida et al., 1982). The difference between the secreted
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immunoglobulin and the membrane-bound immunoglobulin is encoded by the last
exon of the constant region gene; there are two different 3' terminal sequences
encoded in the genome, one that specifies an amino-acid sequence appropriate for
membrane-binding, and the other for secretion. The secreted exon is located
directly adjacent to the penultimate constant region exon, and the membrane exon
is located downstream from the secreted exon. The membrane form of
immunoglobulin is formed by two additional RNA splicing events that juxtapose
the membrane exon with the remaining Cy; exons (Figure 2) (Alt et al., 1980; Early
et al., 1980b; Rogers et al., 1980).

During the differentiation of a single B cell, the functional rearranged Vy
gene is first expressed with the Cu gene of the same allelic chromosome. Later in
the development of the same lymphocyte, the same Vi gene is often expressed
with a different C( gene (for review, see Davis et al., 1980b). Analysis of
germline and rearranged heavy-chain genes revealed that the intervening DNA
between the 5' flanking region of Cu and the 5' flanking region of the newly
expressed Cpy gene is deleted. This led to the proposal that the complete heavy-
chain gene is formed by two recombination events. The first is the V-D-J
rearrangement that forms the variable region. The second, called the class
switch, rearranges a fully assembled V;-D(;-Jp; gene from one constant region to
another (Figure 4). The class switch appears to be mediated by repeat sequences
in the 5' flanking region of the Cy  genes (Davis et al., 1980a; Kataoka et al.,
1980; Maki et al., 1980).

Analysis of the flanking regions of the germline heavy chain and light chain
gene segments revealed short sequences in the 3' flanking region of the V gene
segments, the 5' flanking region of the J gene segments, and for heavy chains,
both 5' and 3' flanking regions of the D gene segments that are highly conserved

(Figure 5). These sequences consist of a conserved 7bp sequence, CACAGTG or
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its complement CACTGTG, located directly flanking the gene segment, and a
relatively conserved 9 bp sequence, CACAAACCC or GGTTTTTGT, located distal
to the gene segment. The presence of these sequences in the flanking regions of
all of the germline immunoglobulin gene segments led to the proposal that these
sequences served as recognition signals for the rearrangement process for V gene
formation (Max et al., 1979; Sakano et al., 1979; Early et al., 1980; Sakano et al.,
1980). The distance between the 7 bp sequence and thé 9 bp sequence is un-
conserved in sequence, but is highly conserved in length. The spacer sequence
length can either be 12 + | bp or 23 t | bp; rearrangement occurs only between a
gene segment that has a 12 bp spacer in its recognition signal, and a gene segment
that has a 23 bp spacer in its recognition signal (Early et al., 1980; Sakano et al.,
1980). It was observed that 12 bp is approximately one complete turn of the DNA
helix, and 23 bp is approximately two turns of the DNA helix; these two signals
are therefore located on the same side of the DNA helix as if they formed a
continuous stretch of 16 conserved nucleotides. Because of the conservation of
length of the spacing distances, the rule for proper rearrangement is referred to
as the "one turn-two turn" rule (Early et al., 1980). The V. gene segments have
one-turn signals, and the J _ gene segments two-turn signals; the V, gene segments
have two-turn signals, and the J, gene segments one-turn signals; the Vi and Jpy
gene segments have two-turn signals, and the Dy gene segments have one turn
signals in both flanking regions (Figure 5) (Early et al., 1980; Sakano et al., 1980;

Kurosawa and Tonegawa, 1982).

Mechanisms for generating diversity in immunoglobulin genes

There are six major mechanisms for generating diversity in the immuno-
globulin variable region.

l. Germline diversity: There are a large number of germline V, D and J

gene segments that can be used to make up a variable region gene.
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2. Combinatorial joining: The different V gene segments are capable of
associating with any D or J gene segment (Schilling et al., 1980; Weigert et al.,
1980). If it is assumed that there are 1000 Vi gene segments, 10 Dy gene
segments, and four J; gene segments, there would be a total of 1000 x 10 x 4 or
40,000 Vi genes possible. If it is assumed that there are 250 V _ gene segments,
and four functional J_ gene segments, then approximately 1000 V  genes would be
possible.

3. Combinatorial association: If any light chain could associate with any
heavy chain, then there are a total of 40,000 x 1000 or 4 x 107 antibodies possible.
Germline diversity, combinatorial joining and combinatorial association,
therefore, can contribute significantly to immunoglobulin diversity. Even in the
absence of somatic mechanisms, it is possible to generate a large number of
different antibodies.

4. Junctional diversity: The DNA rearrangement mechanism that
generates the V gene appears to be imprecise in that nucleotides at the ends of
the gene segments can be deleted in the region of the joining event (Sakano et al.,
1980; Weigert et al., 1980; Kurosawa et al., 1981). This can lead to codon changes
at the V-D-J and V-J junctions.

Because all immunoglobulin gene segments seem to be translated in only
one reading frame in order to give rise to a functional immunoglobulin chain, one
implication of this imprecision is that these gene segments often join in an out-of-
phase reading frame. This type of nonproductive joining occurs frequently in
lymphocytes (Altenburger et al., 1980; Max et al., 1980; Weigert et al., 1980;
Walfield et al., 1981). Thus, diversity is achieved at the expense of some waste.

5. N-region diversity: For the heavy chain genes, extra nucleotides not
encoded by the germline gene segments may be added between the rearranging

gene segments as a result of the joining process (Sakano et al., 1980; Alt and
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Baltimore, 1982). This event is referred to as N-region diversity. Both junctional
and N-region diversity alter the coding region of the variable region only at the
joining point of the gene segments; this region correlates to the third hyper-
variable region observed in the comparisons of the protein data (see above; Wu and
Kabat, 1970).

6. Somatic hypermutation: There is a mechanism that induces point
mutations throughout the variable region gene and its untranslated regions at a
late stage in B-cell development (Weigert et al., 1970; Gershenfeld et al., 1981;
Kim et al., 1981; Selsing and Storb, 1981; Clarke et al., 1982). Those B cells with
receptors that have higher affinities for antigen as a result of somatic
hypermutation are believed to be selectively expanded under conditions of limiting
antigen. This mechanism appears to induce point mutations randomly, and is
correlated to the class of the antibody (Crews et al., 1981). Therefore, u chains
tend to be encoded by germline sequences, while the other chains are often
encoded by variants (Gearhart et al., 1981). These observations led to the
hypothesis that the somatic hypermutation event may be induced during the class

switch rearrangement (Crews et al., 1981; Kim et al., 1981).

Immunoglobulin gene evolution

One of the most interesting questions to emerge from the analysis of the
immunoglobulin gene family is the problem of immunoglobulin gene evolution. It
is presumably advantageous for the organism to maintain a large repertoire of
germline gene segments, yet, it is important to maintain the basic framework
structure of the variable region. Therefore, there must be some selection
pressure to maintain portions of the variable region (Gally and Edelman, 1972;
Smith et al., 1971). Analyses of the coding region of V genes have indicated that

the CDR regions are mutating at a much higher rate than the framework regions
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(Ohta, 1981); the nature of this high mutation rate is unclear, however, as the
CDR regions are quite small, and therefore the calculation is subject to

considerable error.

The problem of the T-cell antigen receptor

Like the B lymphocytes, the T lymphocytes are capable of recognizing a
wide variety of antigens. Uniike B cells, however, T cells must recognize antigen
in the context of membrane-bound gene products of the Major Histocompatibility
Complex (MHC) (Kindred and Shreffler, 1972; Katz et al., 1973; Zinkernagel and
Doherty, 1974). The murine MHC encodes at least two classes of cell-surface
molecules that play direct roles in T-cell antigen recognition. The class I
molecules include the K, D, R and L genes which are commonly referred to as the
transplantation antigens and are found on virtually all cells in an organism. The
class II molecules are encoded by the I region, and include the AB’ Au, EB and Ea
genes. These molecules are found only on B lymphocytes and the antigen-
presenting cells, the macrophage. Studies of T-cell responses have shown that the
Tc cells tend to recognize the class I gene products (Alter et al., 1973;
Zinkernagel and Doherty, 1975; 1979), while the TH cells tend to recognize the
class II molecules (Alter et al., 1973; Katz et al., 1975; Meo et al., 1975; Thomas
et al., 1977; Swierkosz et al., 1979). Analyses of different antigen systems have
shown that the T lymphocyte, like the B lymphocyte, is capable of discerning
between closely-related antigens (Barcinski and Rosenthal, 1977; Solinger et al.,
1979; Thomas et al., 1980). As the problems inherent in antigen-recognition
appear to be similar between the B and T lymphocytes, it was perhaps not
unreasonable to hypothesize that immunoglobulins served as the antigen-binding
receptor on T as well as B lymphocytes (Crone et al., 1972; Nossal et al., 1972;

Avrameas et al., 1979). It was reported early on that low levels of immuno-
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globulin were in fact detectable on populations of T lymphocytes by immuno-
fluorescence techniques (Raff, 1971; Nossal et al., 1972; Jensenius and Williams,
1974). Other groups reported the presence of B-lymphocyte idiotypes on T cells
" that mapped to chromosome 12 (Binz and Wigzell, 1975, 1976; Cosenza et al.,
1977; Krammer and Eichmann, 1977). However, subsequent analyses using cloned
immunoglobulin DNA probes clearly indicated that no immunoglobulin gene
segments appear to be utilized in the generation of the T-cell antigen receptor
(Kronenberg et al., 1980; Kraig et al., 1983; Kronenberg et al., 1983; Nakanishi et
al., 1982; Kemp et al., 1982). Other reports involving T-cell-specific alloantigens
(Owen et al., 1981) and antigen-binding factors secreted by T cells (Murphy, 1978;
Wieder et al., 1982; Kapp and Araneo, 1982; Tanaguchi et al., 1982; Krupen et al.,
1982) appeared to represent promising leads for the T-cell antigen receptor;
despite many attempts, however, further characterization of these alloantigens

and factors proved to be difficult.

Clone-specific monoclonal antibodies

Starting in 1983, monoclonal antibodies were generated that bound to and
inhibited only one of a panel of murine T-cell lymphomas (Allison et al., 1982;
Mcintyre and Allison, 1983) cloned murine T cells (Haskins et al., 1983) and
cytotoxic cells (Lancki et al., 1983) and human cytotoxic cells (Meuer et al.,
1983). In the case of the murine TH cells, the monoclonal antibody KJ1-26 was
shown to bind only a T-cell hybridoma specific for chick albumin (cOVA) and
restricted to [-A9. The monoclonal antibody was specific only for this hybridoma;
no binding of the antibody could be demonstrated with any other T-cell hybrid
tested or with variants of the hybridoma that lost their ability to respond to the
proper antigen-MHC combination. This antibody also specifically inhibited the

proliferation of the target T cell by antigen (Haskins et al., 1983; Kappler et al.,
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1983). These data indicated that these antibodies were directed against the
antigen-specific region of the T-cell antigen receptor. Experiments with human
cytotoxic T cell lines produced monoclonal antibodies that reacted with a large
number of T cell-specific alloantigens. As in the murine Ty system, monoclonal
antibodies were generated against specific T cell lines (Meuer et al., 1983). In
every case the monoclonal antibodies appeared to recognize a heterodimer
consisting of an acidic o chain and a slightly basic 8 chain of 40,000-43,000 daltons
each in mice, and an « chain of 45,000 daltons, and a 8 chain of 40,000 daltons in
humans. Comparisons of the immunoprecipitated heterodimers using peptide maps
indicated that each chain of the heterodimer consisted of a region that was
variable and a region that was constant between different T cells, indicating that,
like the immunoglobulin, the T-cell antigen receptor consisted of a variable region
for antigen-binding, and a constant region responsible for effector functions

(McIntyre et al., 1983; Kappler et al., 1983; Meuer et al., 1984).

The isolation of T cell-specific cDNA clones

Characterization of the T-cell antigen receptor on the DNA level still
proved to be elusive. Later, using different techniques, two groups isolated T
cell-specific cDNA clones that shared structural homology with immunoglobulins
(Hedrick et al., 1984b; Yanagi et al., 1984). These clones, one from human, the
other from mouse, were found to be quite homologous in one portion, indicating
that they probably encoded a homologous protein in the two systems. In one case,
the cDNA clones were isolated by screening a T-cell cDNA library first with 32p_
labelled T-cell cDNA, then subsequently with >2P-labelled B-cell cDNA; T-cell
specific clones were identified as having hybridized with the T-cell cDNA probe,
but not the B-cell cDNA probe (Yanagi et al., 1984). In the other case, a T-cell

cDNA library was screened with a subtracted probe. This probe consisted of 32p_
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labelled cDNA made from the membrane-bound polysomal RNA of T cells in which
sequences expressed by B cells had been removed by RNA hybridization (Hedrick
et al., 1984a). The cDNA clones isolated using these two techniques were found to
be expressed as 1.3 kb and 1.0 kb messages and to detect rearrangement
specifically in T cells. Sequence analysis of these clones indicated that they
consisted of regions that were homologous to the immunoglobulin V, J and C
regions (Hedrick et al., 1984a; 1984b; Yanagi et al., 1984). These data indicated
that these cDNAs may in fact encode one of the chains of the T-cell antigen
receptor. Amino acid sequence analysis of the B chain of the human T-cell
receptor was found to match the translated sequence of one of the cDNA clones,
indicating that this was indeed the case (Acuto et al., 1984).

We were interested in the structure, the generation of diversity, and the
evolution of the antigen receptors of lymphocytes. The first chapter of this thesis
describes a study on the structure and evolution of a small subfamily of germline
Vi gene segments, called the T15 family (Crews et al., 1981). Specifically, we
were interested in studying the flanking regions of genomic V gene segments for
possible transcriptional or rearrangement control sequences, and the coding
regions for indications on how these gene segments are evolving. The remainder of
this thesis describes studies to characterize the variable region of the 8 chain of
the T-cell antigen receptor in mice and humans. We were interested in studying
the structure and evolution of the genes that encode the T-cell antigen receptor

and the mechanisms in which diversity is generated.
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Figure 1. An immunoglobulin molecule. The amino and carboxy terminals and
interchain cystine disulfide bridges are indicated. VL and CL represent the
variable and constant regions of the light chain. VH represents the variable
regions of the heavy chain; CH;, CH,, CH3 and CH,, represent the domains ofthe
heavy chain constant region. H indicates the hinge region of the heavy chain. The
variable regions are subdivided into seven sections: four framework regions
denoted FR; and the complementarity-determining regions, or hypervariable
regions, denoted CDR. The portions of the heavy chain variable region that are
encoded by the Dyy and Jy gene segments and the portion of the light chain

variable region that is encoded by the J; gene segment are indicated.
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Figure 2. Immunoglobulin gene rearrangement and mRNA splicing. A) Light
chain. The V| and J; gene segments and the C gene are indicated; L is the
hydrophobic leader of the V; gene, and P denotes the initiation point of
transcription. DNA rearrangement involves the deletion of the DNA between the
V and J gene segments. Splicing of the hnRNA removes the introns between the
leader and the variable region gene and the variable region gene and the constant
region gene. B) Heavy chain. The Vi Dy and Jyy gene segments and the Cu gene
are indicated. The L is the leader, and P denotes the initiation point of
transcription. The exons of the Cu gene are indicated l-4, with S indicating the
secreted exon, and M indicating the membrane-bound exon. The hatched boxes
indicate 3' untranslated regions. The rearrangement and splicing events are
similar to those of the light chain genes except that a differential splicing event
at the 3' end of the gene generates the potential for two carboxy termini: one
that serves as the membrane anchor of the membrane-bound immunoglobulin, the

other as a secreted tail.
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Figure 3. Genomic organization of the immunoglobulin gene families.

Crosshatches indicate that the physical linkage has not been determined.
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Figure 4. A model for the heavy-chain class switch from Cu to C,. The variable
region gene and the constant region genes are indicated. Su’ SY and S indicate
the switch regions for the Cu’ CY and C, genes. Pu and P indicate putative
switch proteins. Rearrangement during the heavy chain class switch occurs within

the switch regions.
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Figure 5. Recognition signals for DNA rearrangement. A) A schematic drawing.
Heptamer and nonamer sequences are denoted with a filled-in box and indicated.
The | and 2 indicate the one-turn and two-turn spacers, respectively.
B) Comparisons of recognition signals of different immunoglobulin gene segments.
Heptamers and nonamers are boxed and the length of the spacer distances are
indicated in parentheses. The nature of the recognition signals (i.e., one-turn or

two-turn) is indicated on the right.
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CHAPTER TWO

THE STRUCTURE AND EVOLUTION OF A Vi; GENE FAMILY

Portions of this chapter have been submitted for publication to the
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Abstract

We have sequenced and analyzed the flanking and coding regions of four closely
related Vi gene segments referred to as the the T15 Vi; gene family. These
sequences were also compared to all of the other V|, gene segment sequences that
are available. We have identified highly conserved sequences that are partially
gene-specific and partially shared as complementary sequences between Vy and
V| promoter regions, implying both a common as well as a chain-specific
regulatory element in immunoglobulin expression. The shared sequence is found to
be present in one copy in the immunoglobulin enhancer regions as well as histone
H2B promoter regions. Analysis of the coding regions of the members of the T15
family indicates that the members of this family duplicated from a common
ancestor very recently, and that this Vi; gene family is under little selective

pressure to maintain its coding sequence.
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1. Introduction

The antibody molecule is composed of two polypeptides: a heavy chain and a light
chain. These chains consist of a variable region that forms the antigen-binding
site, and a constant region that carries out the effector functions, such as
complement fixation. The gene that encodes the variable region is composed of
several gene segments that are separated in germline DNA and joined together
during lymphocyte differentiation (for review, see Early and Hood, 1981). The
light chain variable region gene is comprised of V; and J; gene segments (Brack
et al.,, 1978; Seidman et al., 1979; Sakano et al., 1979) and the heavy chain
variable region gene is composed of Vi, D, and Jy4 gene segments (Early et al.,
1980; Sakano et al., 1980). The Vi gene segment encodes the 100 N-terminal-
most amino acids, the D segment encodes the next 1-7 amino acids, and the JH
segment encodes the final 15 amino acids of the variable region (Early et al.,
1980). The Vi gene segment family is both extremely large and very diverse;
current estimates indicate that the total size of the family could be as large as
100 to 300 members that can differ by as much as 60% in nucleotide sequence
(Brodeur and Riblet, in press; G. Siu and S. Crews, unpublished observations).
There are a number of important questions concerning the structure of Vi gene
segments. It is believed that these genes have duplicated from a common
ancestor (Hood et al., 1983); mechanisms for regulation of Vi; gene expression
presumably have been established for these genes, and may be conserved
throughout the Vi; gene family. A careful study of the flanking and coding
sequences of Vi genes may provide insight into the mechanisms of gene
expression in this family.

Unlike most multigene families, the Vi gene segment family is maintained
at levels of high diversity. The apparent necessity for size and diversity in this

family presents an opportunity to study a unique case in evolution. Many



46

multigene families, such as histone and rDNA families, are maintained at high-
copy number, but at low levels of diversity. This is believed to be a result of gene
duplications and frequent gene conversion events (Federoff, 1979; Hentschel and
Birnstiel, 1981). Other multigene families, such as globins, are maintained at low-
copy number (Fritsch et al., 1980; Lauer et al., 1980). Since the individual
members of the globin family have distinct and separate functions and are
expressed at different times, they share only weak homology to each other (Lauer
et al., 1980; Fritsch et al., 1980; Efstratiadis et al., 1980). In contrast to these
other families, the Vi gene segment family is large and diverse. Different Vy
gene segments, in combination with different D and J segments‘and light chains,
may bind a wide variety of antigens. The spectrum of antigens that one Vi, gene
segment is capable of binding may overlap with the spectrum of antigens that a
different Vy; gene segment is capable of binding. It is possible, then, that
different Vi gene segments may be employed against the same antigen
(Perlmutter et al., submitted); if so, deleterious mutations to one of the Vi gene
segments would not necessarily lead to the loss of response to that antigen.
Because of this, the selective forces that act on this family are believed to be
unique and varied. An analysis of this Vi, gene segment family allows a better
understanding of the selective pressures that operate on variable region gene
segments and the mechanisms that generate diversity.

We have undertakgn an extensive analysis of the Vi; gene segment family.
We have analyzed a group of four closely related Vi 4 gene segments referred to as
the T15 Vi gene family (Crews et al., 1981), and we have compared them to all of
the other Vi, gene segment sequences that have been published to date. In this
analysis, we find that the basic structure of the V|, gene segment is only 600-700
base pairs (bp) in length. There are conserved sequences immediately 5' to mRNA

transcribed sequences that include sequences that may be necessary for
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transcription of the antibody gene, and there are sequences 3' to the gene that are
involved in joining the Viy gene segment to the D gene segment. Sequences
flanking these conserved sequences do not appear to be conserved among Vi gene
segments. Calculations indicate that these gene segments are mutating rapidly,

and yet are under some selective pressure to maintain their coding sequence.
2. Materials and Methods
(a) Sources of cloned DN A and preparation of subclones

The four gene segments of the T15 Vi gene family, designated V1, V3, V11
and V13, were isolated from a library of BALB/c mouse sperm DNA cloned into a
Charon 4A bacteriophage vector (Crews et al., 1981). The clones were isolated by
virtue of their hybridization to the plasmid, pS107V1, which was radioactively
labeled with 3?P by nick translation (Rigby et al., 1977). The pS107V1 plasmid
contains a complete copy of the variable region sequence of the mRNA from the
S107 myeloma (Early et al., 1980). Its V segment sequence is identical to the V1
germline gene segment. Five clones named AV1, AV3, AVIIl, AV13 and AV19 were
used for sequence analysis (Figure 1). Each of the four clones designated its
corresponding gene segment, with the exception of AV19, which contains the VI
gene segment. Subclones from each of the \ clones were constructed and
transformed into the bacterial host strains HB10l and MC106l. The subclones
were constructed as follows:

V1 gene segment

pBV1B2. The 2.4 kb Bam HI fragment from AVl containing the VI gene segment
was cloned into the Bam HI site of pBR322.
pBV1B5. The 0.54 kb Bam HI fragment from AV] immediately 5' to the Vi gene
was cloned into the Bam HI site of pBR322,

pBV19B4. The 2.4 kb Bam HI fragment from AV19 containing the V1 gene segment
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was cloned into the Bam HI site of pBR322. This clone is equivalent to pBV1B2
and the two were used interchangeably.
pBV19R2. The 8.2 kb Eco RI fragment from AV19 containing the V1 gene segment
was cloned into the Eco RI site of pBR322.

V3 gene segment
pUV3B3. The 4.4 kb Bam HI fragment from AV3 containing the V3 gene segment
was cloned into the Bam HI site of pUK2.
pV3V+. The 1.9 kb Sau 3A fragment containing the V3 gene segment was cloned
into the Bam HI site of pUKZ2.

V11 gene segment
pBV11B3. The 6.2 kb Bam HI fragment from V11 containing the V11 gene segment
was cloned into the Bam HI site of pBR322.
pBV11R1. The 5.7 kb Eco RI fragment from V11 containing the V11 gene segment
was cloned into the Eco RI site of pBR322.
pBV11Sau. A 1.6 kb Sau 3A fragment from VIl containing the V11 gene segment
was cloned into the Bam HI site of pBR322.

V13 gene segment
pBV13H4. The 1.7 kb Hind III fragment from V13 containing the 5' part of the V13
gene segment was cloned into the Hind III site of pBR322.
pBV13HS5. The l.l kb Hind III fragment from V13 c‘ontaining the 3' part of the V13

segment was cloned into the Hind III site of pBR322.
(b) Restriction enzyme mapping and DN A sequencing

Restriction mapping of the subclones was carried out by either comparing
double digests to single digests of various restriction enzymes or by the method of
Smith and Birnstiel (1976). The bulk of the DNA sequencing was done using the
method of Maxam and Gilbert (Maxam and Gilbert, 1980). Additional sequencing

was done utilizing the dideoxynucleotide method of Sanger (Sanger et al., 1977)
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utilizing restriction enzyme fragments subcloned into MI13mp2 and MI13mp8
(Messing and Vieira, 1982). All of the sequence information analyzed were

sequenced on both strands in order to minimize errors.
(c) Analysis of DN A sequences

DNA sequences were compared by utilizihg the dot matrix computer
program. In the method used in this paper, the computer compares a five-
nucleotide string from one sequence to all five-nucleotide strings in the other
sequence; a dot is recorded for each perfect match. Alignment of sequences were
performed by inspection. Analysis of mutation rates and divergence times was

carried out utilizing the method of Kimura (1981).
3. Results

We have sequenced approximately four kilobases of flanking, coding and
intervening sequences 5' and 3' to the four members of the T15 family. The
sequencing strategies and restriction maps for each of these genes is shown in
Figure 1. Utilizing these sequences and sequences derived from previous work
(Crews et al., 19813 Huang et al., 1981), we have analyzed the various features of
both the members of the T15 gene family and the V{; gene segment family as a
whole using heteroduplex formation, dot matrix analysis, and direct nucleotide

comparison.
(a) General features of the T15 V gene family

V1 gene segment. The VI gene segment is a functional gene segment; it is
utilized in antibodies that bind phosphorylcholine. Its structure is similar to other
functional Vi, gene segments (Figure 2). The 5'end of the mRNA that encodes the
V1 gene expressed in the antiphosphorylcholine response has been identified at a
site 63 bp 5' to the initiator codon of the leader peptide (Clarke et al., 1982).

Twenty-three base pairs 5' to the initiation site of transcription is a sequence
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resembling the TATA sequence that is generally found 22-23 bp 5' to most
initiation sites of RNA polymerase II-transcribed genes. The intervening sequence
of the V1 gene segment is characterized by a large stretch of alternating Ts and
Gs. This stretch of TG dinucleotides is 64 nucleotide pairs long and is not a
feature of any other known V; gene segment.

V3 gene segment. The V3 gene segment is clearly nonfunctional (Huang
et al., 1981). Although the 3' half of the sequence encoding the leader peptide
bears homology to the other leader sequences in this family, the 5' half does not
share homology with the other leader sequences of this family, nor does it share
homology with the leaders of any other Vi, gene segments. However, there are in-
frame ATG initiator codons without an intervening in-frame termination codon, so
it is still possible that a leader peptide could be synthesized using this sequence.
In addition, the V3 gene segment does not appear to have any of the promoter
elements found in other eukaryotic genes and in the other V gene segments (see
below). It is possible that the V3 gene segment may have a long 5' untranslated
region. As there does not appear to be an adequate promoter in the sequenced
region, this would require a 5' untranslated region of over 500 bp.

V11 gene segment. The VIl gene segment is a functional gene segment; it
encodes the heavy chain variable region observed in the M47A myeloma antibody
(Robinson and Appella, 1979). All of its features are similar to other Vi gene
segments.

V13 gene segment. The V13 gene segment is utilized by the 38C myeloma
(M. Potter, personal communication). As for V1 and Vl1l, all of its general

features are similar to other Viy gene segments.
(b) Comparisons of the members of the T15 V; gene family

We have analyzed the sequences of this family on several levels since

different levels of analysis may reveal features that other methods may not.



51

Heteroduplex analysis of the germline clones of the Tl5 family (K. Calame,
unpublished) reveals that the homology between V1l and V13 extends for long
distances in both the 5' and 3' flanking regions. In contrast to the VI1-VI13
comparison, the homology shared between V3 and VIl and V3 and VI3 is very
limited; V3 shared only 700 bp of homology with these other gene segments,
centered about the V4 coding region.

| Figure 3(a-f) show 5 x 5 dot matrices utilizing the flanking and coding
sequences of each of the members of the T15 Vi gene family. This method of
analysis is useful in that it identifies and characterizes large stretches of
homology in sequenced regions and permits the identification of small deletions
and small repeated sequences. It is clear from this analysis that the overall levels
of homology are decreased in the flanking regions with respect to the coding
regions. Of the four members of this family, VIl and VI3 appear to be most
homologous in the flanking region, although there appears to be a large deletion
(84 bp) in the 3' flanking region of V13 with respect to the others. VI is less
homologous in both 5' and 3' flanking regions to V11 and V13, while V3 shares no
homology with any of the others in the 5' flanking region immediately preceding
the leader sequence. V3 does share homology in the immediate 3' flanking region
with the others. The homology in the intervening sequence varies considerably.
VIl and V13 have high homology in this region, higher than even the coding
region. V3 shares considerably less homology in the intervening sequence with
respect to the coding region in comparison with either VIl or VI3. VI shares
little or no homology with any of the other members of this family in this region.
The leader sequences appear to be very highly conserved, although the small size
of the leader makes analysis on this level difficult. The levels of homology are
clearly highest in the Viy coding region. In every case (with the exception of the
V11-V13 comparison), the homology between members of this family is extremely

high in the coding region, higher than any other region.
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The sequences were then directly analyzed. Gaps were inserted to
maximize homology (Figure 2). In order to learn more about the rates at which
these sequences are evolving, we have divided the Vi; gene segment region into
various regions that may differ functionally and calculated the number of
substitutions between each pair of genes. The data were then analyzed using the
3ST model formulae for estimating mutation rates and evolutionary distances
proposed by Kimura (1981). Within coding regions we have calculated the
mutation rate at each of the three positions constituting a codon and have also
calculated the rate for those mutations that cause an amino acid change
(replacement-site mutations) and those that do not cause an amino acid change
(silent-site mutations). Using the 3ST model, a value for the frequency of base
substitutions per site (K) and an error variance for this value (oE) can be
obtained. These values permit us to calculate the rate at which two sequences
have diverged from each other as well as an estimate of the error of these values
(Figure 4). The mutation frequencies in the flanking regions are much higher than
the mutation frequencies in the coding regions. The mutation frequency in the 5'
flanking region appears to be the highest in every comparison, significantly higher
than even the mutation frequency in the 3' flanking region. The 3' flanking region
appears to be mutating somewhat slower than the 5' flanking region; the mutation
frequency in each comparison in the 3' flanking region is significantly lower than
the mutation frequency in the 5' flanking region. This disparity is somewhat
surprising; the 3' flanking region was previously believed to be under no selection
pressure and therefore should not differ in mutation frequency from the 5'
flanking region. Although the 3' flanking region contains the recognition signals
for V-D joining, these sequences are too small to significantly affect the

calculated mutation frequencies for this area.
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The 5' proximal region, defined as the region starting at the cap site and
proceeding 5' to a conserved putative promoter sequence (see below), appears to
be mutating at the same rate as the 5' untranslated region. Both of these
mutation frequencies are significantly lower than the mutation frequency in the 5’
flanking region and somewhat lower than the mutation frequency in the 3' flanking
region. The intervening sequences of V3, V11 and V13 appear to be mutating at a
rate less than or equal to the mutation rate in the 5' proximal and untranslated
regions. The VI intervening sequence, however, does not appear to be very similar
to the other intervening sequences; homology between V1 and the other members
of the family in this region is limited almost solely to the splice signals. In
addition, the V1 intervening sequence contains a repeating unit of 32 TG
nucleotide pairs that is absent in other Vi gene segments. The coding region
appears to be mutating the slowest. As expected, the silent substitution
frequency is higher than the replacement substitution frequency. The relative
selectivity, which we will define as KA/KS (the ratio of the mutation frequency of
the amino acid replacement-site to the mutation frequency of the silent-site)
ranges from 0.45 to 0.8, which is generally higher than most eukaryotic genes.
The comparison of the V3 pseudogene to the other functional genes shows that the
relative selectivity is higher than the other comparisons (KA/KS = 0.6-1.6). This
is not unexpected since the V3 gene will be free to diverge at all positions once it
is rendered nonfunctional; since there are more possibilities for a replacement
substitution than a silent substitution, replacements will accumulate at a high
rate. When comparisons are made between the different codon positions, it is
apparent that the mutation frequencies in the second and third positions are
approximately equal and are consistently higher than the mutation frequency in
the first position. Analysis of the mutation frequencies of the different positions
of the codon show that for the T15 family, the ranking in order of decreasing

value is K;>K4>K 5 for other eukaryotic genes, the order is K3>K | >Ko,.
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4. Discussion
(a) Structure of Vg gene segments
H

The comparative analysis of different Vi, gene segments has revealed
sequences both 3' and 5' to the coding regions that are shared by all Vi gene
segments and may serve a role in the function of these genes.

3' flanking sequences. The putative recognition sequences for V-D joining,
a conserved 7 mer and a conserved 9 mer, are located 3' to the Vi gene segment.
In addition to these sequences, there appear to be other conserved sequences
directly 3' to the Vi gene segment (Figure 5): the first is the dinucleotide
sequence CA located 10 bp downstream from the 7 mer and the second is the
sequence TGAG located 4 bp downstream from the first sequence. These
sequences are comparatively short, thus the significance of their conservation (if
any) is unclear. Further analysis reveals that neither the conserved sequence nor
its complement is found in the flanking regions of the D and Jy gene segments. A
portion of the conserved sequence is an in-frame stop codon which is the first in-
frame stop codon 3' to the Vi4 gene segment (Early et al., 1980).

Vy coding sequence. Vi segments have been divided into framework and
hypervariable regions based on analysis of protein sequences (Wu and Kabat, 1970).
Since it is clear that somatic mutation can alter the sequence of germline gene
segments that are utilized to synthesize antibodies, it is possible that the
framework and hypérvariable region distinctions do not relate to the diversity of
germline gene segments but are a result of somatic mutation and clonal selection
of antibody-bearing lymphocytes. Our comparison of germline gene segments
clearly indicates that, at least in part, this is not the case; the distinction between
the framework and hypervariable regions is evident in the germline gene segment
sequence itself. Figure 6 shows an alignment of the translated sequences of a

representative of all of the germline Vi; gene segment families published to



55

date. The clustered mutations are highest in the second hypervariable region
(residues 50-55). Using the convention of Wu and Kabat (1970), a variability plot
of the Vi, gene segment sequences in Figure 6 is shown (Figure 7). The hyper-
variable peaks are clearly observed in the second hypervariable region; since the
data analyzed here represent germline Vi; gene segments, no somatic mutational
or clonal expansion mechanisms have acted upon these sequences. It is interesting
to note that the first hypervariable region, located at residues 31-34, does not
appear to be in evidence in this comparison. This would indicate that the first
hypervariable region is generated via somatic mutational events alone, and is not
inherent in the germline, unlike the second hypervariable region. Thus, amino acid
residues in the second hypervariable region appear to be mutating faster than the
residues in the framework region. This indicates that either negative selection
pressure is operating to maintain the framework region, or positive selection is
operating to diversify the second hypervariable region.

As mentioned above, the leader sequence appears to be almost as conserved
as the coding region. The conservation appears to be limited to the maintenance
of the basic structure of the leader sequence; this includes an uninterrupted
stretch of neutral or hydrophobic amino acids flanked by charged residues (Silhavy
et al., 1983). Comparisons of the intervening sequences of the different Vi gene
segments fail to identify any conserved sequences, with the exception of the
splice sequences at the boundaries of the intervening sequences.

5' untranslated sequences. These sequences can vary significantly both in
length and sequence. The sequences can differ in size from 63 bp (V1) to 29 bp
(Vi4101), or even longer (Kraig et al., 1983). There is a clear conservation of
sequence spanning about 21 bp just 5' to the leader peptide sequence (Figure ).
This sequence homology is not shared by light chain genes or other eukaryotic

genes. Their possible function remains unclear, but there exist several
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possibilities. It could function as an entry point or to facilitate ribosome binding
to the mRNA, perhaps as a way to divert the biosynthetic machinery to the
production of heavy chains. Another possibility is that this region plays a role in
mRNA stability or folding. To this end, we have examined both variable and
constant region sequences for inverted complementary structures that could base-
pair with these sequences but have not found any striking candidates. It is of
course also possible that these sequences affect the regulation of expression of
this gene, either by acting at the transcriptional or at the processing level. [t is
important to note that although this region appears to be very homologous in most
Vi gene segments (including at least four other Vy gene families, data not
shown), there are exceptions: V101 has this area deleted, and this region in
BCL! and the human Vi genes HG3 and HAZ does not appear to be very
homologous to the others (Figure 8).

5' flanking sequences. By analogy to other prokaryotic and eukaryotic
genes (Efstratiadis et al., 1980; McKnight, 1982; Hen et al., 1982; Tavernier et al.,
1983; Walker et al., 1983; Dierks et al., 1983), it is expected that there are regions
in the 5' flanking sequences of V; gene segments that will be involved in the
initiation and regulation of the transcription of antibody genes. We have identified
two regions of conserved sequence 5' to the gene that may play a role in the
expression of the gene (Figure 8). The first is 23 bp 5' to the initiation site of
transcription (the "cap" site). This homology block is similar to the consensus
sequence ATAAA-[ATA observed in other genes transcribed by RNA polymerase II
22-23 bp 5' to the initiation site of transcription (the TATA box) (Breathnach and
Chambon, 1981). There is no absolute consensus sequence except an AT-rich
character. This region is believed to be important for the correct initiation of

transcription.
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Of more interest, we have found a conserved sequence block 19 bp 5' to the
TATA box that appears to be uniquely associated with Vi gene segments. We
have designated this homology region the Vi 4-box, and divided it into two portions;
the A portion has the consensus sequence CAEGAA and is separated by 3 bp from
the B portion which has the consensus sequence ATGCAAAT. The CAAAT part of
the B sequence is reminiscent of the sequence CCAAT that is found at variable
distances from the TATA box in many eukaryotic mRNA-encoding genes (Benoist
et al., 1980). It is possible that the TATA box and CCAAT sequences are
generally required by eukaryotic genes for accurate and efficient transcription
and that additional sequences are required for gene-specific regulation. Such
sequences for the heavy chain variable region may be the (A) and part of the (B)
regions of the V;-box. These sequences could interact with regulatory proteins or
other macromolecules or may exert their regulatory influence by virtue of direct
DNA alterations upon interaction with the internal nuclear milieu. As part of this
analysis, we have examined a large number of antibody light chain variable region
sequences for the occurrence of this sequence. Since these genes are coexpressed
during antibody synthesis, it is conceivable that they might share regulatory
sequences. We are able to discern several homologous sequences in light chains
(Figure 9). The TATA box is located 21-23 bp to the "cap" site, and a CCAAT
sequence is located 43-56 bp 5' to the TATA box. An additional region of
homology was identified between the TATA and CCAAT boxes. This conserved
sequence follows the consensus sequence TGATTTGCATGT. We refer to this
sequence as the V| -box. It is interesting to note that the core of this sequence is
the perfect complement of portion B of the Vii-box, ATGCAAAT. We have
analyzed the regions of the heavy chain and the putative light chain enhancer for
the presence of this sequence. Both of these regions were found to contain one

copy of the V| -box sequence. In the heavy chain enhancer, the V; box is found
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starting at position 548 and has the sequence TAATTTGCATA (Gillies et al.,
1983); in the light chain enhancer, the V| box is found starting at position 3590
and has the sequence TAATTTAGCAC (Max et al, 1981). Statistically, this
sequence will occur at random once in every 262 kilobases of DNA. Analysis of
other sequenced regions of the immunoglobulin locus reveal that neither the Vi
box nor the Vi; box nor their complementary sequences are present in these
regions. Analysis of the J -C _ locus reveals that a portion of the V; box is
present 5' to the J _gene segments. No copies of the V4 box were found in this
region.

A study of the promoter regions of a number of different genes (globins,
class I and class II major histocompatibility genes, histones, heat-shock genes,
adenovirus, SV40, 8-type interferon, thymidine kinase) reveals that the Vyy-box is
not found in any other promoter region. The VL—box, however, is found in the
promoter region of the histone H2B gene. As shown in Figure 9, histone H2B
promoter regions are characterized by a TATA box, preceded in the 5' direction by
a variable distance (0-31 bp) by the sequence CTCATTTGCATAC which is
preceded at a distance of 19-31 bp by the sequence CCAAT (Harvey et al., 1982).
This sequence bears a striking homology to the V; -box, and the core sequence
ATTTGCAT is identical to the core sequence of the V| -box and is the perfect
complement to part B of the Vi -box. This may indicate a coordinate regulation
of the antibody and histone H2B gene families, although this still remains
unclear. Expression of histone H2B genes is coupled to the cell cycle and DNA
synthesis; it is possible that antibody transcription may in fact be coupled to DNA
replication as well.

None of these putative promoter sequences has been found in the 5'
flanking region of the V3 gene segment. Although it is possible that the V3 gene

segment has an extremely long 5' untranslated region, this would be inconsistent
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with the data on the other Vi, gene segments (Kataoka et al., 1982; Clarke et al.,
1982). It is probable that the promoter region has either been deleted, or it was
not duplicated during the original genetic event that created the V3 gene segment.
Heteroduplex analysis of the X clones containing the V3 gene segment with the A
clones containing the other members of the Tl5 family has revealed that the
homology between V3 gene segment and the other V|, gene segments is limited to
approximately 700 bp immediately surrounding the V gene segment (K. Calame,
unpublished). Either two major deletion events occurred, or, more likely, the
event that created the V3 gene segment duplicated only 700 bp of sequence around
the gene. This event did not duplicate the Vi promoter; therefore the V3 gene
segment was probably incapable of being transcribed and hence a pseudogene since
its creation. The other crippling mutations were probably obtained subsequent to
that time. Analysis of the V3 gene segment in the B10.P strain of Mus musculus
(R. Perlmutter et al., in preparation) has shown that two of the crippling
mutations in the BALB/c V3 gene segment are not found in the B10.P V3 gene
segment, yet the promoter region is still absent. This observation is consistent

with the theory that the V3 gene segment was a pseudogene since its creation.
(b) Regulation of antibody gene transcription

Antibody gene transcription is a complex process modulated at several
stages of lymphocyte differentiation. At the pre-B cell stage, the Vi genes are
rearranged and synthesized; V| rearrangement and expression follows in the
subsequent stage of B-cell development. In either case, successful rearrangement
of the variable region gene is necessary in order to synthesize a functional mRNA;
this implies that some of the regulatory elements which control antibody gene
expression lie within or near the constant region genes. Recent observations and
experiments have supported this view (Rice and Baltimore, 1982; Oi et al., 1983;

Gillies et al., 1983; Queen and Baltimore, 1983; Banerji et al., 1983). At the
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plasma cell stage (that is, after antigenic challenge), mRNA levels for both heavy
and light chains increase dramatically. The regulation of expression of heavy and
light chains, then, differs at the early stages of lymphocyte development, yet
appears to be coordinated in the terminal steps of development. The control
mechanisms for these different levels of expression are unclear. As we have
noticed in this paper, there are structures conserved in the 5' flanking regions of
both heavy and light chain V gene segments. Part of each structure is heavy or
light chain-specific and part is shared between the two chains as a complementary
sequence; the shared portion is also present in both heavy chain and light chain
enhancer regions. The role of these structures is unclear, yet their strict
conservation in both sequence and position with respect to promoter elements
strongly implies that they play an important role in the regulation of expression of
antibody genes. Efficient and accurate gene transcription require elements
operating at the initiation site of transcription in addition to the general
chromosomal conformation; since different genes are expressed under different
conditions, it is predicted that gene-specific promoter elements exist that
determine the specificity of regulation under these different conditions. The Vi
and V| boxes may be the recognition site for the regulating element that enables
immunoglobulin genes to be expressed under specific conditions in lymphocytes.
The presence of this sequence in both heavy and light chain enhancer regions
raises the possibility of an enhancer-promoter sequence-specific interaction to

regulate transcription of immunoglobulin genes.
(c) The evolution of Vi genes and the T15 Vi gene family

The evolution of variable region genes poses some interesting questions to
which we can obtain answers from comparative structural analyses. It is clear
that the specificity of antibodies for antigen is determined by the variable region

sequence. Since the ability to synthesize antibodies that can react with certain
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pathogenic organisms and harmful substances clearly would be selected for in a
positive manner, it is possible that selection may be acting on the primary
sequence of the antibody variable region gene. It is, however, difficult to know
exactly what the selective pressures acting on a given variable region gene may be
since a given heavy or light chain gene segment can be utilized to form antibodies
against a number of different substances. In studying the significance of any
particular allele in the gene pool, it is difficult to evaluate its selective advantage
in a natural population. Variable region gene segments pose an additional problem
in that if one gene segment cannot be utilized to make antibodies against a
particular antigen, other genes may be utilized to make an effective response. In
that sense, the multiplicity of germline V| gene segments may serve to provide a
back-up system to neutralize foreign substances in the event of a damaging
mutation to a utilizved Vi segment. This multispecificity may imply that a given
Vy gene segment may be selectively neutral and only several or a series of genes
would be under selective pressure. Alternatively, each gene segment may be
considerably better adapted to its role such that it is under direct selective.
pressure. To answer these questions, we have analyzed the coding region and
flanking region sequences of the T15 family (Figure 4).

Analysis of the T15 family indicates that the 5' flanking region is evolving
the fastest. The mutation frequency in the 5' flanking region is significantly
higher than the other mutation frequencies, even higher than the mutation
frequency in the 3' flanking region. This implies that the 5' flanking region is
under very little selection pressure to maintain its sequence. This would indicate
that the far 5' flanking region distal to the V4 box is not important for either the
structure or the function of the immunoglobulin gene and is probably mutating at
the high mutation rate of unselected DNA. The 3' flanking region appears to be

mutating much slower than the 5' flanking region; as mentioned above, the
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mutation frequency in each comparison in the 3' flanking region is significantly
lower than the mutation frequency in the 5' flanking region. Although the 3'
flanking region contains the recognition signals for V-J joining, these sequences
are too small to substantially alter the calculated mutation frequencies for this
area. This implies that the 3' flanking region may have an additional function in
the proper expression or the structure of the immunoglobulin gene. It has been
hypothesized that certain V gene segments are preferentially rearranged to
certain D or J segments. If this is the case, one might expect that the control
region for rearrangement preference could be located near the recognition signals
and the joining site. The lower mutation rate in the 3' flanking region, then, would
be a reflection of the selection pressure to maintain this control region.

The 5' proximal region appears to be mutating at the same rate as the 5'
untranslated region. Both of these mutation frequencies are somewhat lower than
the mutation frequency in the 3' flanking region. The 5' proximal region contains
the signals that are believed to be important in the correct expression of the
immunoglobulin gene; the lower mutation frequency in this region probably .
reflects the selection forces that are operating to maintain these control
sequences. The 5' untranslated region has no known function, but may be
constrained by forces that affect mRNA structure, stability, or function (Shine
and Dalgarno, 1974; Kozak, 1981).

The intervening sequence appears to be mutating at a rate slightly slower
than the 5' untranslated regions. As this calculation ignores the existence of
insertions and deletions, this difference is probably not significant. This implies
that there is some negative selection pressure that acts to maintain all mRNA
sequences, whether coding or not. As mentioned above, this negative selection
pressure may be involved in the maintainence of the mRNA structure or stability.

This theory was initially proposed to explain observations that indicated that the
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silent-site mutation rate was slower than the mutation rate of unselected DNA
(Kafatos et al., 1977). The only highly conserved regions observed are the
consensus splice signals (Breathnach and Chambon, 1981) at the boundaries of the
intervening sequence.

The leader sequence is evolving at a fairly slow rate, slower than the rates
in the intervening sequence and in the 5' untranslated region. The basic structure
of a leader sequence is conserveds; a string of neutral or hydrophobic amino acids
flanked by charged residues at both ends. The slower mutation rate in this
sequence probably reflects the negative selection forces which maintain this
structure.

We have examined the rate of silent substitutions occurring in the Vi
coding sequence of the functional genes of the T15 family and compared them to
the rate of substitution of the flanking and intervening sequences. We find that
the silent substitution rate is lower than the flanking and intervening sequence
rates; this is consistent with data derived from study of other genes (Miyata et al.,
1980). This indicates that slight selective pressure does exist to maintain the
silent-site sequence. The constraints on nucleotide selection at silent sites is
unclear but may have to do with tRNA abundances, anticodon stabilities, or be
involved in mRNA stability or secondary structure (Kafatos et al., 1977). When
the number of silent-site mutations is compared to the number of replacement-
site mutations, we find that the silent mutation rate is 1.5-2.5 times greater than
the replacement mutation rate. This implies that there is selective pressure
operating to maintain the Vi coding sequence above that which partially
maintains the silent-site sequence. This conflicts with the argument stated above
that individual Vi; gene segments are under little selective pressure since other
VY gene segments which can bind the same antigen can provide an adequate

immune response to make up for the potential loss from deleterious mutations. If
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this were the case, we would expect the replacement rate to be more comparable
to the silent rate. Since this is not the case for any of the members of this
family, we believe that many Vi gene segments are under selective pressure to
maintain their coding sequence. A study of the T15 Vi gene family in a different
inbred strain of Mus musculus, B10.P, has been completed (Perlmutter et al., in
preparation) and provides evidence consistent with this view. This analysis reveals
that the coding region has been conserved at a significantly higher level than the
flanking or intervening sequences. This pressure may not be identical throughout
the VH coding sequence; as mentioned above, it has been noted that the
hypervariable regions of closely-related germline V4 gene segments tend to have
more fixed mutations than the framework regions.

Although the mutation frequencies in the replacement site are lower than
the silent site frequencies, they are extremely high. The mutation rates derived
from these mutation frequencies are as much as an order of magnitude higher than
mutation rates in other genes (Miyata et al., 1980). The relative selectivity
(Kap/Kg) is also higher than what is observed for other genes (Miyata et al.,
1980). This implies that although the members of this family are under selection
pressure, the duplicated members of this family are nonetheless diverging from
each other very rapidly. This is further indicated by the pattern of the mutation
frequencies in the three positions of the codon. As mentioned above, the pattern
of mutation frequencies ranked in order of decreasing value is K3>K>K,. For
most eukaryotic genes, the frequency in the second position is generally lowest
due to the lack of degeneracy; as there are no degenerate positions in the second
position of a codon, a mutation in the second position would guarantee that an
amino acid replacement would occur. Furthermore, it has been observed that
mutations in the second position are more likely to produce a nonconservative

replacement; that is, amino acid replacement changes in the second position result
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in greater changes in the physical properties of the protein (Salser, 1976). The
mutation frequency in the third position is generally very high due to the
increased degeneracy in that position. The high mutation frequency in the second
position in the T15 family indicates that the T15 family, and probably the Vi4 gene
family in general, is less restricted by selective forces than other eukaryotic
genes and can therefore tolerate more changes in the primary protein structure
without loss of function.

Our evolutionary analysis of the TI15 family reveals that since the
duplication of the ancestral gene that created this family, the members have
diverged from each other at an extremely high rate which appears to be
characteristic of V gene segments. Despite this rapid mutation rate, there is
strong evidence that selection is occurring to maintain at least one of the

members of this family.
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FIG. L. .Bacteriophage lambda genomic clones and plasmid subclones
containing the members of the T15 Vi gene family and restriction maps and
nucleotide sequencing strategies. a) V1, b) V3, c) V11, d) V13. Vi, gene segments
are indicated by the open box; the leader exon is indicated by a line. Arrows over
the gene segments indicate direction of transcription. Dotted lines in the AV and
AV10 clones indicate cloning artifacts consisting of the cloning of the Charon 4A
"stuffer" fragment next to mouse genomic DNA. Arrows below the gene segments
and flanking regions indicate sequencing direction. Designation next to the arrows
indicates polarity of end-labeling and technique: M indicates Maxam-Gilbert
techniques, S indicates Sanger (dideoxy) techniques. Subsequent sequence analyses
of these regions have completed sequence through all of the restriction sites used
for sequencing in the previous analyses, with the exception of the Bam HI site in

the V1 gene cluster.
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FIG. 2. Nucleotide sequences of the members of the T15 family and their
flanking regions. The cap site for the RNA transcribed from the V1 gene has been
identified (Clarke et al., 1982) (boxed "A" at position 575). The leader sequence
and the coding regions are boxed; the TATA homology and the rearrangement

recognition signals are indicated. Gaps were inserted to maximize homology.
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FIG. 3. Dot matrices comparing the members of the T15 family with each
other. a) VIl vs. V13; b) V1 vs. V113 c) V3 vs. V13 d) V3 vs. VIl;e) V3 vs. VI3, All

matrices are 5/5 comparisons (see text for details).
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FIG. 4. Mutation frequencies between the members of the Tl5 family
subdivided into different regions. The 5' flank is defined as the region starting
just 5' to the Vi box and continuing upstream. The 5' proximal region is defined
as the region starting at the V;; box and ending at the cap site. The 3' flank is
defined as the region starting just 3' to the Vi gene segment and continuing
downstream. The mutation frequencies were calculated using the 3ST technique
of Kimura (1981). Deletion and insertion events were not included in the
calculations. Mutation frequency analysis within each comparison will not be
affected, as the number of deletion or insertion events in the 5'and 3' regions are
approximately equal. The comparisons with V1 in the intervening sequence,
however, must be analyzed with caution. Error limits represent one standard

deviation.
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FIG. 5. 3' flanking region of different germline V|, gene segments. The 7
bp and 9 bp rearrangement recognition signals are boxed and indicated. Two
additional conserved sequences located in the 23 bp spacer sequence are overlined.
The references for the sequences are: Vl1l, V13, V3 and V1 (this paper); VH441
(Ollo et al., 1981); V14B (S. Crews, unpublished); VH104, VH108A, VH108B, and
VHI1!l (Givol et al., 1981); VHI05 (Cohen et al., 1982); VHI41 (Sakano et al.,

1980); VHIII (Rabbits et al., 1980); V23 (Bothwell et al., 1981).
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FIG. 6. Comparison of the translated protein sequences of different
germline Viy gene segments. The hypervariable regions according to Wu and
Kabat (1970) are indicated. The references for the sequences are: V1 (this paper);
V14B (S. Crews, unpublished); VH101 (Kataoka et al., 1982); VH186-1 (Bothwell et
al., 1981; V108B (Givol et al., 1981); Caiman VH (Litman et al., 1983); VH26
(Matthyssens and Rabbitts, 1980); VH-III (Rabbitts et al., 19080); VH-I (Rechari et

al., 1983); VH441 (Ollo et al., 1981); VHAL (D. Livant, unpublished).
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FIG. 7. Wu-Kabat analysis for variability. Variability at a given amino

acid position N is calculated as

Variabilityy = number of different amino acids at position N
N frequency of most commonly-occurring amino acid at position N

Hypervariable regions as defined by Wu and Kabat (1970) are indicated. Sequences

used in this comparison are listed in Figure 6.
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FIG. 8. 5'untranslated and flanking regions of different Vi gene segments.
Gaps are inserted to maximize homologies. The cap site for VI has been
identified (the boxed "A"). The TATA and Vi boxes are boxed. References are:
V11, V13, VI (this paper); VI08A, V108B, V104 and V111 (Givol et al., 1981); V105
(Cohen et al., 1982); BCL!1 (Knapp et al., 1982); Mu + 2 (Early et al., 1982); V101
(Kataoka et al., 1982); HA2 and HG3 (Rechavi et al., 1983).
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FIG. 9. Conserved sequences in the 5' flanking regions of V  regions and
histone H2b genes. References are: Tl (Altenburger et al., 1980), M173B (Max et
al., 1980), K2 (Nishioka and Leder, 1980), HK10l and HK102 (Bentley and
Rabbitts, 1980), MOPC#4! (Seidman et al., 1979), M167 (Selsing and Storb, 1981),
MPC 11 (Kelley et al., 1982), MPC11 non-productive rearrangement (Seidman and
Leder, 1980), histone H2B alignments (Harvey et al., 1982). The conserved
sequence was also found in the MOPC215 i light chain (Wu et al., 1982). The
conserved core sequence is present in MPCII, but it is located & bp 3' to the

TATA homology.
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Summary

A cDNA clone YT35, synthesized from poly(A)* RNA
of the human T cell tumor Moit 3, exhibits homology
to the variable (V), joining (J), and constant (C)
regions of immunoglobulin genes. We have isolated
and sequenced the germ-line V and J gene segment
counterparts to YT35 from a human cosmid library,
and these failed to encode 14 nucleotides of the
cDNA clone between the V and J regions. We pos-
tulate that these 14 nucleotides are encoded by a
third gene segment analogous to the diversity (D)
gene segments of immunoglobulin heavy chain
genes. This T cell antigen receptor V gene appears
to be assembled from three gene segments, V, D,
and J, and accordingly most closely resembles im-
munoglobulin heavy chain V genes.

Introduction

Characterization of the T cell antigen receptor has been
an elusive goal of molecular immunologists for many years
(e.g. Kraig et al., 1983; Kronenberg et al., 1983a, 1983b).
The first real progress in this regard came within the last
year when several groups produced clonally specific anti-
bodies that reacted with cell surface T cell antigen recep-
tors (Acuto et al., 1983; Kappler et al., 1983: Mcintyre and
Allison, 1983; Samelson et al., 1983). These molecules are
heterodimers, composed of two disulfide-linked polypep-
tide chains, « and 8. The a and 8 chains range in molecular
weight from 42 to 45 kilodaltons in mice and from 39 to
49 kilodaltons in man. Comparative peptide maps of sev-
eral a chains and several 8 chains demonstrate that they
have constant and variable peptides, presumably encoded
by distinct V and C regions (Kappler et al., 1983; Mcintyre
and Allison, 1983). Since the constant peptides of the «a
and B chains are different, they are presumably encoded
by distinct « and 8 gene families.

Recently, two groups have used differential or subtrac-
tive screening methods to isolate cDNA clones that appear
to encode one of the chains of the T cell antigen receptor
(Hednck et al., 1984a, 1984b; Yanagi et al.. 1984). A
comparative sequence analysis of the human and several
mouse cDNA clones demonstrates that they ~ontain se-
quences similar to immunoglobulin V, J, and C gene

segments and their gene products have the same centrally
positioned disulfide bridges seen in the V and C regions
of immunoglobulins. The human and mouse T cell receptor
cDNAs are 82% homologous in their C regions. This
degree of similarity among immunoglobulins from two
different species would suggest that both are members of
the same gene family, and we presume the same Is true
of the human and mouse T cell receptor genes.

Two preliminary observations suggest that the 3 gene
family of the T cell receptor is detected by the mouse and
human cDNA probes. First, recent studies by Reinherz
and his coworkers have demonstrated that the 12 N-
terminal amino acids of a human T cell 8 chain are identical
with those of the translated human cDNA clone YT35
(Acuto et al., 1984). Second, an analysis of the '**l-labeled
tryptic peptides of the a and 8 chains from mouse T cells
suggests that only the 8 chain has a tryptic peptide
distribution consistent with the translated sequences of
the recently published mouse cODNA clone (Hedrick et al.,
1984b; J. Kappler and P. Marrack, personal communica-
tion). We therefore believe that the human YT35 cDNA is
derived from the 8 gene and have designated sequences
homologous to this clone V,; and J; respectively.

The genes encoding the T cell antigen receptors resem-
ble immunoglobulin genes, whose structures and rear-
rangements are well understood (Honjo, 1983; Tonegawa,
1983). Immunogiobulins are coded for by three families of
genes, A, x, and heavy chain, which are located on
different chromosomes. The genes for light chains, A and
x, have distinct variable (V) and joining (J) gene segments
that rearrange into a contiguous DNA sequence to give
complete V. genes. Similarly, heavy chain genes have
three gene segments, V, diversity (D). and J, which rear-
range to generate V. genes. These DNA rearrangement
events appear to be mediated by recognition signals that
lie immediately to the 3" side of the V gene segments, the
5’ and 3’ sides of the D gene segments, and the 5’ side
of the J gene segments. These recognition signals allow
precise definition of the corresponding boundaries of these
gene segments (Early et al., 1980).

We report the genomic organization of the coding ele-
ments of a human V, gene. Using the cDNA clone YT35
to screen human genomic libranes, we have isolated and
sequenced the germ-line V and J gene segments that
most likely encode the V region of YT35. The presence of
recognition sequences for DNA rearrangement permits
precise definition of the 3’ end of the V gene segment
and the 5’ end of the J gene segment. These gene
segments fal to encode 14 nucleotides between the V
and J regions of the YT35 cDNA. Since a second human
cDNA clone, YTJ-2, which was isolated from the human T
cell tumor Jurkat, contains an identical 14 nucleotides at
the V-J boundary, it appears that this region is encoded
by a separate gene segment similar to the D gene seg-
ments of immunoglobulin heavy chains. The germ-line V
and J gene segments contain recognition seguences for
DNA rearrangement similar to their immunoglobulin coun-
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terparts. Thus the organization of the Vs gene of the T cell
antigen receptor appears to resemble most closely that of
the immunoglobulin heavy chain V gene.

Resuits and Discussion

Clones Containing 3 Gene Segments of the YT35
cDNA Clone

We have attempted to identify the germ-line V and J gene
segments encoding the YT35 cDNA by using stringent
hybridization conditions with the YT35 probe to identify the
V gene segment and with a synthetic 30-mer oligonucleo-
tide to identify the J gene segment. A Southem blot of
germ-line DNA with the full length YT35 cDNA clone reveals
four distinct bands with a Bam HI digest (Figure 1A).
Separate Southem blots of human DNAs with V, and C,
region probes subcloned from the YT35 cONA clone
demonstrate that these bands represent four distinct V,
genes (2.0, 3.3, 6.5, and 23 kb) and two C4 genes which
identify a 23 kb Bam HI band that comigrates with a V4
encoding restnction fragment (Figures 1B and 1C). The V,
gene segments of the YT35 gene family are denoted
Vava1 through Vas, beginning with the 2.0 kb fragment
in the Bam HI digest (Figure 1). (M3 denotes Molt 3, the
tumor from which the YT35 cDNA was onginally isolated.)
A cosmid library constructed from human sperm DNA was
screened with the YT35 cDNA clone, and cosmid clones
containing the Vag1, Vaws2, and Vaas clones were iso-
lated.

To approach the question of which germ-line Vax gene
segment comresponded to the V region of the YT35 cONA
clone, we used Southemn blot analyses of human germ-
line DNA with the subcloned V region of the YT35 cDNA
under stringent hybridization conditions. Only V bands
Va1 and Vag. remained intense, suggesting that they
are more similar to the YT35 V region than are the Vauaa
and Vs« gene segments (data not shown). Restriction
map analyses demonstrate that the Vaa. gene segment

A) B) C)
B 23k Vemi-e ™™ W= 23D .
e deilih Vem3-3—> @ 6.5kb Vam3-3—>
@@= 33k0 gy, —> @D 3.3kb Vgmzo—>
2.0kb

Vam3-i—> @® 20kb “gm3-—>

@ | 4kb

shares several restriction sites with the YT35 V region that
are lacking in the Va1 gene segment (data not shown).
Therefore, we subcloned the Va2 gene segment and
determined its sequence (Figure 2A).

A Cycontaining cosmid clone was isolated from a hu-
man osteosarcoma (U2 OS) DNA library. The C, cosmid
clone hybridized to a synthetic 30-mer DNA probe for the
J region of the YT35 cDNA clone. The J gene segment
homologous to the YT35 cDNA clone is approximately 3.8
kilobases from the C; gene. The region of the cosmid
clone hybndizing to the synthetic J probe was subcloned
as a Sma I-Pvu |l fragment and its sequence determined
(Figure 2B).

A portion of the variable region sequence encoded by
the YTJ-2 cDNA clone from the human T cell tumor Jurkat
was also determined (Figure 2C).

The Germ-Line V Gene Segment Has Leader and
Variable Exons

The nucleotide and translated protein sequences of the
germ-line V gene segment are compared to those of the
complete V sequence of cDNA clone YT35 and to the
partial sequence of cDNA clone YTJ-2 (Figure 3). The V
gene segment contains two exons of 49 and 295 base
pairs, separated by an intron of 100 base pairs.

The smaller 5’ exon encodes a hydrophobic and un-
charged sequence that is the presumed leader or signal
peptide. The larger 3 exon encodes most of the variable
region. The processed human g8 chain has an N-terminal
glycine residue (Acuto et al., 1984), hence the variable
exon encodes a V segment of 34 codons. The first half-
cysteine residue of the highly conserved disulfide bridge
occurs at position 21—as contrasted with position 22 in
Vw regions and position 23 in V. regions. The disulfide
bridge is comparable in size to those of immunogiobulins.
The 8 gene exons and intron are very similar in size to the
immunoglobulin V gene segments, although the sequence
homologies are quite low except for highly conserved

Figure 1. A Bam Hi Southem Blot of Human DNA
from the B Cell Clone FQ Hybndized against the
YT35 cONA

23 kb (A) A Southem biot with the compiete cONA The
sizes of the bands are indicated. The 2.0, 3.3. ana
6.5 kb bands comrespond 10 Vaa1. Vaxa2, Vanaa.
respectivety. The 23 kb band contains both J-C

6.5kb clusters on one fragment and Vasos 0N another
fragment that comigrates with the J-C cluster
fragment. (B) Southem biot with the subcloned V
region probe under normal hybndizaton condr-
tions (three compiete washes at 68°C with 3x

3.3kb SSC and three washes with 1x SSC). Occasionally
a 1.4 kb band was seen. (C) Southem biot with
the subcloned V region probe under stnngent

B 2.0kb hybndization conditions (three compiete washes

at 68°C with 3x SSC. three washes with 1x SSC.
and three washes with 0.1x SSC).
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Figure 2. V, and J, Gene Clones and Sequencing Strategies

(A) A restnction map of clone p8H7.1B5, the pUCS subclone of the Va2 gene segment. MBRH1.7, M8P0.95, M8P0.98. M8P0.63, and M8P0.67 are M13mp8
subciones of the Vaa2 gene segment and the 3'-flanking regron. The boxed region at erther end of the p8H7.185 map 1s the pUCS vector. The abbrewviations
for the enzymes are as fokows: A, Ava |; C. Cla I; H. Hind i P1, Pst |; Pi, Pwu I; R, RI; X, Xho I. Synthetc pnmers utiized for sequencing are indicated by

honzontal lines. Arrows indicate the sequencing strategy.

(B) A restnction map of the J,, PS clone n an M13mp9 subcione of the 1.0 kb Pvu I-Sma | fragment contaiming the two J, fragments. The abbreviations for
the enzymes are as follows: S, Smal |; H, Hind W; PX, Pvu I R, Eco RI. Amows ndicate sequencing strategy. The sokd lines above the map indicate regions
of hybndizaton with the J-region-specific cigonucieotde. The dashed line indicates hybndization with the C-region-specific probe from the YT35 cDNA.

(C) Partal restnction map of the Jurkat CONA cione YTJ-2. MBJAI, M8JPB. and M8JHI are M13mp8 subciones of the V-D-J region of the 3 chain expressed
by the Jurkat tumor cell line. The abbreviations for the enzymes are as follows: Al. Alu I: BY, Bgl i HI. Hinf I; PN, Pvu . Amows indicate sequencing stragegy
As the Jurkat clone is virtually identical with the YT35 CONA cione, the numbenng inchcated comresponds to the numbenng of the YT35 cDNA in Figure 3 of

Yanag et al. (1984).
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Figure 3. DNA Sequences ot Germ-Line V, and J, Gene Segments and Rearranged V, Genes
The leader, vanabie, diversity, joming, and constant gene regions are mdicated. Posttions that are analogous 1o the three hypervanabie regions of Vi, genes
are indicated as Hvi, Hv2, and Hv3. Arrows ndicate the sites of nucieotide substitubons between germ-ine and rearranged sequences. Boxes indicate

cogons with replacement changes.

residues at the protein level (e.g., half-cysteines at codons
21 and 90 and a conserved sequence around the second
half-cysteine).

The Vauw2 gene segment differs by nine nucleotide
substitutions from the YT35 cDNA (97% homology). and
its 3’ sequence is identical with that of the YTJ-2 cDNA

clone. Three of these substititions are in the leader exon
and six are in the variable exon (Figure 3).

Approximate RNA splicing signals delineate the 3’ end
of the leader exon (GT) and the 5’ end of the V exon (AG)
(Breathnach and Chambon, 1981). As with the genes In
the immunoglobulin and major histocompatibility complex
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gene families, RNA splicing always occurs between the
first and second bases of the junctional codon. This RNA
splicing pattern is another suggestion, in addition to se-
quence homology, that the class |, class Il, immunogiobulin,
and T cell receptor gene families are evolutionarily related.

The general organization of the Vs gene segment of the
T cell receptor is clearly similar to the organization of
immunoglobulin V gene segments.

One J, Gene Segment Encodes the J Region of the
YT35 cDNA Clone

The nucleotide sequence of a portion of the Sma I-Pvu Il
fragment isolated from a human C, clone and hybridizing
to a synthetic oligonucleotide for the J, region of YT35 is
presented in Figure 4A. Dot matrix analysis of this se-
quence against the Js sequence of the YT35 cDNA clone
identified two homologous regions, which are denoted
Jgr.r and Jg2. (There are two human C, genes denoted
Cs1 and Cg. Each probably has its own cluster of J gene
segments designated Js and Jg. The J gene segments
analyzed here probably come from the Js gene cluster;
M. Malissen, S. Clark, and Y. Yanagi, unpublished results.)
The Jg1 gene segments are 48 base pairs long and code
for 15 amino acids. They differ by 5 of 15 amino acid
residues (67% homology) and by 21 of 48 nucleotides
(56% homology). It is striking that 17 of the 21 nucleotide
substitutions and all 5 of the amino acid replacements
occur in the 5 half of the J, region (Figure 4B). Additional
analysis of Js gene segments will be necessary to deter-
mine whether this is a consistent pattern with possible
functional implications.

The J, (13 codons; Blomberg and Tonegawa, 1982), J.
(13 codons; Max et al., 1981; Hieter et al., 1982), and Ju
(15 or 17 codons; Earty et al., 1980; Gough and Bemard,
1981) gene segments are similar in size to their Js coun-

(a)

N T € 4o F F G a G e
GCCAGGGCCCTCTCCCCTCTCTATGCCTTCAATGTGATTYTEALEITGACCCC TG TEALYLYIRYG AAC ACT GAA GCT TTC TTT GGA CAA GGC ACC AGA CTC ACA
J 0 ] ; !

v v - N Y
GTT GTA G GTAAGACATTTTTCAGGTTCTTTTGCAGATCCGTCACAGGGAAAAGTGGGTCCACAGTGTCCCOYYYAGAGNGGCTATATICATITEIGET AAC TAT GGC TaC
' ' ' " ]

Ioi-2

T F G

terparts. The two Js gene segments are slightly more
homologous at the protein level to J, (62%-69% homol-
ogy) than to J, (46%-61% homology), Ju (31%-46%
homology), or themselves (59% homology). On the DNA
level, the 3’ region of the J; gene segments appears to
be more homologous to J, (66%), J. (64%~71%), and Ju
(59%) than the 5’ region is. The 5’ region bears a strong
homology to the D regions of the immunoglobuiin heavy
chain. The 5’ region of Js.1 (nucleotides 64-76 of Figure
4A) shares 8 of 12 nucleotides with an immunoglobulin
germ-line D segment from the FL16.1 family, while the 5’
region of Ja1.2 (nucleotides 200-214 of Figure 4A) shares
11 of 14 nucleotides with Sp2.6, a D segment from the
Sp2 family (Kurosawa and Tonegawa, 1982). As men-
tioned above, this 5’ region also is quite different in the
Jarr and Js2 gene segments. These observations may
have interesting implications for the evolution of D and J
gene segments in T and B cells.

The RNA splicing signals at the 3’ side of these J, gene
segments are the canonical splice-recognition donor sig-
nals (Breathnach and Chambon, 1981). The RNA splicing
occurs between the first and second bases of the codon,
as noted above for RNA splicing of the V gene segment.

Possible Somatic Mutation and Polymorphismin T
Cell 8 Genes

A comparison of the nucleotide sequences of a germ-line
Vaua2 gene segment and its rearranged cONA counterpart
YT35 (Figure 3) demonstrates nine nucleotide differences
between these genes. Three of these differences occur in
the first exon and six in the second exon. Two of the
substitutions in the first exon and two in the second exon
lead to amino acid replacements (Figure 3). In addition,
the YTJ-2 cDNA appears to have one silent substitution in
the J region relative to the germ-line J gene segment.

Jgros

i3 [)
10e
G v

23

S G T R L T v v
ACC TTC GGT TCG GGG ACC AGG TTA ACC GTT GTA G GTAAGGCTGGGGGTCTCTAGGAGGGGTGCGATGAGGGAGGACTCTGTCCTGGGAAATGTCALAGAGAACAGAGA 5
' v v ' v v

YCCCAGCYCCCGGAGCCHISAC TGAGGGAGACGTCATGTCATG _—
v

(8)

Jgi-1

TG AAC ACT GAA GCT TTC TTT GGA CAA GGC ACC AGA CTC ACA GTT GTA G
T Q v \

A F G|

G Y T F.

Jgi-2
| |
Figure 4. Nucieotide Sequence of a Portion of the Human J,, Gene Cluster
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CT AAC TAT GGC TAC ACC TTC GGT TCG GGG ACC AGG TTA ACC GTT GTA G
|

| | |

(A) The nucieotide sequence of a portion of the human J,, gene cluster. The coding regions are transiated and the recognition sequences are boxed
(B) Companison of Jgi.1 and Jgs.2 Sequences. The nucieotide identities are denoted with a solid line above the Jg... Sequence. Amino acid identities are boxed
The synthetic ohigonucieotide for the YT35 J region extends from nucieotide 216 to 246.
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These base substitutions could arise by several mech-
anisms. A Vg gene that is closely related to, but not the
germ-line counterpart of, the YT35 V region may have
been sequenced. The Southem blotting and restriction
map data discussed above would argue against this pos-
sibility, as does a preliminary sequence analysis of the
very similar Va1 gene segment (E. Strauss and G. Siu,
unpublished observations). Or these differences could
arise as a result of polymorphism in the human population.
The YT35 and YTJ-2 cDNA clones as well as the germ-
line Va2 gene were clearly isolated from the DNAs of
different individuals. Several examples are known in im-
munoglobulins of alleles that have multiple nucleotide sub-
stitutions (Ollo and Rougeon, 1983). Finally, some or all of
these differences might arise by the somatic hypermutation
mechanism known to operate in immunoglobulin genes
(Kim et al., 1981). In this regard, it is interesting that the
two replacement substitutions in the YT35 cDNA V region
occur in a region analogous to the first hypervariable region
of immunoglobulin heavy chain genes. Perhaps these
differences are selected by antigen (Kim et al., 1981;
Crews et al., 1981) or by the need to mutate away from
anti-seif (Jemne, 1974).

The 8 Gene Family of T Cell Receptors Appears to
Have D Gene Segments

A comparison of the germ-line V, and J; gene segments
with the YT35 cDNA clone demonstrates that there are 14
nucleotides in the junctional region between the V and J
gene segments that are not encoded by either germ-iine
gene segment (Figure 3). There are three possible expla-
nations for the additional nucleotides seen in the cDNA
clones. First, these additional nucleotides may represent a
D gene segment analogous to those found in the immu-
noglobulin heavy chain gene family. We think this is the
most likely explanation. Second, these nucleotides might
arise from a somatic mutational mechanism similar to the
N-terminal-region diversity postulated to be generated by
random nucleotide addition to the junctional ends of the
V, D, or J gene segments—an enzymatic addition presum-
ably mediated by an enzyme such as terminal deoxynu-
cleotidyl transferase (Baltimore, 1974; Alt and Baltimore,
1982). This second possibility is extremely unlikely be-
cause the nucleotide sequence of the cDNA clone derived
from a separate T cell tumor is identical with that of YT35
at 14 of the 14 bases in this region (Figure 3). The Jurkat
T cell tumor line was derived independently and differs
from Moit 3 in HLA haplotype (J. Falls and T. Mak, unpub-
lished observations) as well as in the nuclectide sequence
of the J region (Figure 3). It is extremely unlikely that any
type of somatic mutational mechanism could generate
identical sequences of 14 consecutive nucleotides in two
independently derived V, genes. Third, a different germ-
line Vs gene segment might have rearranged to form the
YT35 cDNA variable region, and this gene segment might
be 14 nucleotides longer than the Vaa. gene segment.
This explanation appears unlikely in that the ten immuno-
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globulin V gene families studied to date each have V gene
segments of identical length. These include seven Vu
families (Bothwell et al., 1981; Crews et al., 1981; Crews,
unpublished data; Givol et al., 1981; Rechavi et al., 1982;
Loh et al., 1983; Perimutter et al., 1984; Perimutter et al.,
unpublished data) and three V, famiies (Seidman et al.,
1978; Bentley and Rabbitts, 1980, 1983). Accordingly,
even if we have sequenced a V gene segment similar to
but not identical with the germ-line YT35 gene segment,
both are in the same V gene family and should be the
same length. Thus it appears likely that the extra 14
nucleotides between the V and J regions of the YT35
cDNA represent an additional gene segment comprising
part of the T cell receptor variable genes.

The DNA Recognition Sequences for the DNA
Rearrangements of V, and J; Gene Segments Are
Homologous to Their Inmunoglobulin Counterparts
but Ditfer in Their Disposition

Immunoglobulin genes have recognition sequences that
presumably mediate DNA rearrangements. These se-
quences lie to the 3’ side of the V, to the 5’ and 3’ sides
of the D, and to the 5 side of the J gene segments (Figure
5). These recognition sequences are composed of three
elements (Figure 5A). At one end is a highly conserved
heptamer and at the other is a somewhat less conserved
nanomer; a much less conserved spacer sequence of
either 11 nucleotides (approximately one tum of the DNA
helix) or 22 nucleotides (two turns of the DNA helix)
separates the heptamer and nanomer elements. V-gene
assembly always joins a one-turn recognition element to a
two-turn element in the three immunoglobulin gene families
(Figure 5B). Two observations suggest that these recog-
nition elements play an important role in DNA rearrange-
ments. First, they have been highly conserved over more
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Figure 5. Schematic Diagram of the Recogntion Sequences for DNA
Rearrangements in B Cell and T Cell Receptor Genes

* (A) A model of the conserved heptamer and nanomer sequences with 11

and 22 nucleotide spacer sequences.
(B) A diagrammatic representaton of the recognition signals for immuno-
globulin «, A, and heavy chain genes and the 8 T cell receptor genes.
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than 350 million years of vertebrate evolution (Litman et
al., 1983), suggesting that they are highly selected for an
important function. Second, they are strategically placed
at precisely the points of DNA rearrangement.

The 8 gene family of T cell receptors has elements that
are very similar to the immunoglobulin recognition se-
quences (Figure 6). The Vag2 gene segment has a two-
turn recognition sequence including heptamer and na-
nomer elements identical with their counterparts among
the immunoglobulin gene families. The two recognition
sequences for J; gene segments are both one-tumn ele-
ments. The J, heptamer is highly conserved in that it is
identical with the mouse J,3 heptamer sequence. Thus the
Vs heptamer and nanomer as well as the Js1 heptamers
are virtually indistinguishable from those found adjacent to
immunoglobulin genes. In contrast, the Js, nanomer does
not have an exact immunoglobulin counterpart. These
observations suggest that the recognition mechanisms
and enzymatic machinery for immunoglobulin and T cell
receptor gene rearrangements are very similar. This con-
tention is supported by the fact that T cells have occasional
Dw-Jw immunoglobulin gene segment rearrangements (Ku-
rosawa et al., 1981). This observation implies that the
converse may also be found, Ds~J,s rearrangements in B
cells. Obviously the DNA rearrangements in T and B cells
must exhibit appropriate tissue specificity.

The 8 gene family with V, D, and J gene segments
appears to be more similar to the immunogiobulin heavy
chain gene family than to the light chain families. However,
the 8 gene family differs strikingly in the disposition of
recognition sequences from the immunoglobulin heavy
chain genes in that the J; gene segment has a one-tum
rather than a two-turn recognition element (Figure 5b).
There are four possible explanations for this interesting
difference in the disposition of recognition sequences. One
explanation is that the 8 gene family does not have D gene
segments, and as with the immunoglobulin A gene family,
a V two-tun recognition sequence joins with a J one-tum
recognition sequence (Figure 5a). This explanation would
require that identical sequences between the V and J gene
segments in the YT35 and YTJ-2 cDNA clones arise by

somatic mutation, a seemingly unlikely possibility. The
second explanation is that the D gene segments are of
two types, those with one-tum recognition signals on either
side and those with two-tumn recognition sequences on
either side. Variable gene formation would always require
D-D joining events if DNA rearrangements are mediated
by one-tum to two-tum joining events as in B cells. Third,
the Dy recognition elements may be identical with their
immunoglobulin heavy chain counterparts (Figure 5b). This
organizational disposition would require a new recognition
system for joining like recognition elements (e.g., one-turn
Ds to one-tum Jg). One attractive feature of this model is
that it provides a mechanism by which immunoglobulin
and T cell receptor gene rearrangements could be differ-
entially controlled during development. That is, if T cells
need a special recognition or joining systems for one-tun
to one-tum joining, then these systems may only be turned
onin T cells. Finally, the D gene segment could have 5’
one-tumn and 3’ two-tum recognition elements. In this
model, the basic rules for joining and recognition are
precisely the same as those for immunoglobulin genes. In
both the second and fourth modeis, if the 8 gene family
has D gene segments and employs the one-turn to two-
tum joining rules, then additional diversity can be gener-
ated in the B T cell receptor genes by at least two distinct
mechanisms. First, D gene segments may join to one
another. Second, V gene segments may join directly to J
gene segments because they have two-tun and one-turn
recognition elements respectively. If either of these models
is correct, the T cell receptor genes may have considerably
more potential for diversification through combinatorial
DNA rearrangements than their immunoglobulin counter-
parts have. Resolution of these competing hypotheses will
require the isolation and structural characterization of germ-
line Dy gene segments and their putative recognition ele-
ments.

The V, Gene Is Similar to Immunoglobulin V,, Genes
The V, gene of the T cell antigen receptor appears to
resemble most closely the immunoglobulin Vi gene in that
it has three gene segments, V,, Dg, and Jg, which rearrange

V beta 2 TGCAGAATCACCCCTTTCCTGTG | § TGTTTCTCCTICTT CTTCT ActT
VH108A A..A.CA..T. C.GAG....T A G..GCAG.AAG. G...
VARIABLE VH1088 _.T.ACCA..GG C.GAG....T Thae Gors ANes 56 are.
V lamods 1 ACATGTGTAG. TGGGGAAGTA.ATCA. ... G..ACAGT..CA.AA..A.CACT.
v lamods 2 ACATGTGTAG. TGGGGAAGTA.AACA. .. . G..ACAGT..CA  ..A.CAT..
Jbeta 3-4  CTTCAATGT G GACCCC TGTER
Jbeta 1-2  .CA..G...ccd.... CTATA .TC
J lamoda 1 G..TGC AAGG.. CCGT.TAAL...
JONING | Jgmoda 4  G.A..TGCAGAG. ... TGA.TA.AL| .
J lamods 2 . .GGCCCCATAGG. .. L GGTTTTA. .| .
J lsmoda 3 . GCCCCACAG . GGTTTCA..

Figure 6. A Companson of the Recognition Sequences of T Cell Gene Segments with Ther B Ce#l Counterparts
The recognition sequences are boxed. Vi and V, denote mmunogiobin heavy and A recognition sequences.
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Figure 7. A Diagrammatic Representation of the Gene Segments and DNA Rearrangements and RNA Processing Events Necessary for the Expression of the

B mRNA of the T Cell Antigen Receptor

The C, gene has three introns winch are not incicated (Makssen, unpubkshed observations).

to generate a contiguous V, gene (Figure 7). In addition,
the 8 polypeptide is an integral membrane protein like its
immunoglobulin heavy chain counterpart and in contrast
to the immunoglobulin A and « chains. The fact that the V,
gene has three genetic elements that presumably can
rearrange in @ combinatorial manner provides the V, gene
with combinatorial diversification potential equal to that of
Vn genes and greater than that of V. genes. In addition,
Vs genes may have still greater diversificiation potential
through Ds~Dj4 or Vg~Js joining alternatives. In this regard,
it will be interesting to determine whether the T cell receptor
a genes also employ three rearranging elements.

Experimental Procedures

Isolstion of Germ-Line Clones

Genomic libranes of human sperm DNA and of DNA from the human
osteosarcoma U2 OS were constructed by A. Winoto and L. Fors as
previously descnbed (Stemmetz et al., 1982). These libranes were screened
with the compiete YT35 cONA probe (Yanag et al., 1984) using the
procecure of Stenmetz et al. (1982).

Isolation of cONA Clones

A cONA lbrary from mRNA isolated from the Jurkat tumor line was
constructed and cloned into the Pst | ste of pBR322 and screened with
the YT35 cDNA probe according to the protocol of Yanags et al. (1984).

Genomic Biot Hybridizations

Ten micrograms of DNA from human sperm and 10 g from a B cell line
from the clone FQ were digested with restnction enzymes and subjected
to electrophoresis on honzontal agarose siab gels. After denaturaton and
neutralization, the DNA was transferred to nitroceiiuiose paper. Hybndiza-
tions were camed out at 68°C n a soiuton of 1 M NaCl, 0.05 M Tns-HC!
(PH 7.5), 0.1% NaPPi, 0.1% SDS, 10x Denhardt's soluton, 150 wg/mi
salmon sperm DNA, and 0.5 ug nick-transiated ZP-abeled YT35 probe
(15-2 x 10°® dpm/ug). Prehybridization of the fitter n hybndization butfer
was camed out for 3 hr at 68°C. Hybndizatons were camed out for 15 to

20 hr at 68°C. Followsng hybndization, the fitters were washed three times
in mgh-sait wash buffer (3x SSC, 0.1% SDS) and three times n low-sait
wash buffer (1x SSC, 0.1% SDS). Each wash was camed out for 30 min
at 68°C. Fiters were exposed for 24 hr at =70°C with an intensifying
screen.

DNA Subcioning and Restriction Mapping

Restnchon fragments contamning the V and J genes were subcloned into
the plasmid pUCS (Viewra and Messing, 1982) and further subcloned into
phages M13mp8 or M13mp3 (Messing and Vierra, 1982). Restnction map
analyses were camed out using sngie and double digests of infrequent-
cutbng enzymes on the subciones.

DNA Sequencing

The Jn fragment was sequenced according to the method of Maxam and
Gilbert (1980). The V region sequencing was camed out using the Sanger
method (Sanger et al., 1977) as modified by E. Strauss (unpubhished
results). Dideoxy sequencng n the M13mp8 cloning vector was camed
out using both the standard pnmer and specific oligonucieotide pnmers
synthesized by Dr. S. Horvath (Horvath et al., submitted). All DNA se-
Qquences were sequenced on both strands.
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The T-cell antigen receptor consists of two chains, denoted a and 8, each of
which is composed of a variable (V) region and a constant (C) region. The genes
that encode both the a and 8 chains show extensive homology to the genes that
encode the B-cell receptor, the immunoglobulin (1, 2). Each is encoded by two
genes: a V gene of approximately 360 bp and a C gene of approximately 500 bp (3,
4). The gene that encodes the V region of the g chain consists of three gene
segments, VB’ DB’ and JB’ that are joined together during T-cell development to
generate the complete V, gene (5, 6). The V, gene segment encodes the first 280-
300 bp, the D, gene segment the next 5-10 bp, and the J g gene segment the final
45-51 bp of the V, gene (5-11). Recognition signals that mediate immunoglobulin
V gene rearrangement appear to mediate V'3 gene rearrangement as well. These
signals consist of conserved heptamer and nonamer sequences that are separated
by a variable spacer sequence of either 12 bp or 23 bp (5, 6).

Immunoglobulin V gene segments are grouped into subfamilies of closely
related gene segments. Each subfamily has from four to over 50 members, each
member 75% or more similar at the DNA level to the other members (12-14). In
contrast, the VB gene segments in mouse appear to consist of many single or low
copy subfamilies. Of the VB gene segment subfamilies analyzed in mouse to date,
twelve contain only one member, and two contain three members (15-17).

Analyses of the VB coding regions have revealed that the V, genes appear
to be very similar to immunoglobulin V genes. Hypervariability plots of the Vg
genes reveal patterns not unlike those of the Vi; and V| genes; analyses of the
beta-strand-forming potential and the relative hydrophobicity of the Vg regions
have also shown them to be very similar to immunoglobulins (15-17). We were
interested in analyzing the coding and flanking regions of the germline V, gene
segments in order to see if these gene segments resemble immunoglobulin V genes

in their germline structure. In addition, we were interested in studying the
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germline organization of the V, gene family. We have used as a model system the
VeM3 subfamily, a human V, gene subfamily of five members that represents the
largest Vg subfamily studied to date. The members of this subfamily were
identified by their similarity to the Vg region of the YT35 cDNA (3). We have
isolated cosmids and lambda clones containing the five members of this family and

each was further characterized by subcloning and sequence analysis.

Materials and Methods

Genomic Blots. Genomic blots were carried out as previously described
(18, 19). DNA probes for the hybridizations were labelled with 32P utilizing the
protocol of Rigby et al. (19). Hybridizations were carried out at 68°C for 24 h.
After hybridization, the filters were washed three times with 3X SSC for 20 min
each followed by three washes with 1X SSC for 20 min each, at 68°C. The filters
were then exposed to Kodak XAR-5 film overnight at -70°C with an intensifying
screen.

Construction and Screening of Genomic Libraries. A human sperm cosmid
library was constructed by Lance Fors (unpublished), and screened as previously
described (19). Partial lambda libraries were constructed into the vector rzgt7lac5
and screened as described (21).

Restriction-endonuclease Mapping. Mapping of different restriction
endonuclease sites was accomplished using single- and double-digests of different
enzymes and comparing them to each other. In addition, a novel restriction-
endonuclease-mapping technique (Y. H. Sun and L. E. Hood, in preparation) based
on the technique of Smith and Birnsteil (22) was utilized. This technique depends
on the presence of a Sal I, Cla [ or Nru [ site present in the cloning vector and not
in the insert DNA. I[n our case, the cosmid was digested with Sal I to completion,

phenol-extracted, ethanol precipitated, and resuspended to a final concentration
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of 100 ng/ul. 200 ng aliquots of the cosmid were then digested with different
concentrations of a certain enzyme, that would permit partial, but not complete
digestion. A range of the partial-digestion reactions was taken and pooled, and
80 ng of the sample was then subjected to electrophoresis on two sets of 0.6%
agarose horizontal slab gels, the first for 300-400 volt-hours, the second for 1.8-
2X as long. The gels were run in an electric field of 1.7 volts/cm to permit good
resolution. After electrophoresis, the gels were denatured, neutralized, blotted
with nitrocellulose and the nitrocellulose baked as described above. Two synthetic
oligonucleotide hybridization probes corresponding to the regions of DNA on
either side of the Sal I site in the cosmid vector were used for screening. The
oligonucleotides were labelled with 32p using polynucleotide kinase according to
the protocol of Maxam and Gilbert (23), and hybridized separate‘ly to each set of
filters and the filters washed three times in 3X SSC at 68°C for 15 min each. The
filters were then exposed to x-ray film overnight. The probes will hybridize to
each partial-digestion product that contains the vector sequence adjacent to the
Sal I site on one end and a recognition site for the restriction enzyme tested on
the other end. The hybridization will result in a ladder of bands, each
corresponding to a different restriction enzyme site in the clone. In this manner,
the restriction sites for each restriction enzyme were mapped with respect to the
Sal I site of the vector. Both oligonucleotides were necessary in order to
accurately map all of the restriction sites in the clones.

Subcloning and DNA Sequencing. Subcloning was carried out using the
procedures described previously (19). Sequencing was carried out using the

dideoxynucleotide sequencing technique as described by Strauss et al (24).

Results

Isolation of genomic V, Clones. A V region-specific probe was isolated
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from the YT35 cDNA clone. With this probe, five hybridizing bands were detected
on a genomic blot of human DNA at high wash stringencies (Fig. 1). These five
bands corresponded to five different V, gene segments, which were called Vgpy3_
00 VeM3-1> Vam3-2» VgM3-3» and Vgpq3_4- A cosmid containing the Vgpe4 | and
Vgm3-2 genes was isolated; the Vgpy3_, gene segment was subcloned and
characterized previously (6). From the same human cosmid library, two additional
overlapping cosmids were isolated that contained the Vgp;3_4 gene segment. In
order to isolate the remaining members, partial libraries were constructed using
the rgt7lac5 vector from DNA from the same individual and screened using the V-
region-specific probe. Figure 2 shows the restriction maps of the three cosmids
and the two lambda clones that contain all five members of the VBMB family. The
cosmid H7.l contains the VBMB-I and VBM3—2 gene segments, the cosmids H9.l
and HI18.1 contain the Vgp;3 4 gene segment, the lambda clone ABM3-0 contains
the VBMB—O gene segment, and the lambda clone ABM3-3 contains the VBM3-3
gene segment. A total of 38 kb around the VBMB-['VBM3-2 cluster, 40 kb around
VBM3—4’ 9 kb around VBMB-O’ and 4.3 kb around VBM3—3 have been cloned. In
order to determine if additional Vg gene segments homologous to the YT35 V-
specific probe are present on these clones, the cosmid and lambda clones were
digested with restriction enzymes and blotted to nitrocellulose filters filters were
then hybridizea to the V region-specific probe and washed under low stringency
conditions. No hybridization of the V region-specific probe was observed in the
flanking regions (data not shown). The five members of the Vgy3 subfamily were
identified by restriction mapping, subcloned, and the coding and flanking regions
sequenced and analyzed (Fig. 3).

The Vgpq3_o gene segment is 77.8% homologous to the V region-specific
probe at the DNA level. The coding region contains an in-frame stop codon at

amino acid position 51 (Fig. 4); it is probable, therefore, that VBMB—O is a
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pseudogene. The Vgp45 | gene segment is identical to the hybridization probe.
The Vgpq3_7 gene segment was isolated and characterized earlier and is located
3 kb 3' to the Vgpq3_| gene segment. The Vgp43_3 gene segment is 82.1% and the
VgmM3-4 8ene segment is 79.2% similar to the hybridization probe. The VoM3-4
coding region contains an in-frame stop codon at amino acid position 64 (Fig. 4).
Like Vgpq3-0» this gene segment is probably a pseudogene.

Each of the members of the Vgm3 family has all of the characteristics of a
germline V, gene segment. The Vgm3 gene segments consist of two exons, one of
46 bp that encodes most of the leader sequence, and the other of approximately
297 bp that encodes the remainder of the leader as well as the variable region.
These exons are split by an intervening sequence of approximately 100 bp; this is
similar in size to immunoglobulin V gene introns, although the identification of
larger introns in other V, gene segments indicates that the size of the intron is
variable. Comparison of the translated germline sequences with the N-terminal
protein sequence of a g-chain utilizing Vgp43_| from the REX tumor indicates that
the N-terminal-most residue is the glycine located 20 amino acids from the
conserved cysteine (Fig. 4) (25). The intron, then, divides the leader at codon
position -5 (Fig. 3). This differs from immunoglobulins, where the intron splits the
leader at the codon position -4 for both light and heavy chains.

Sequence Comparisons. The sequences of the five gene segments and
flanking regions were subdivided into five functionally distinct regions and
compared with one another (Table I). The Vem3-1 and Vgp 3o gene segments are
the most similar in both coding and flanking regions. In all, these two gene
segments exhibit 93.996 and 97.7% sequence similarity in the two coding exons,
and 94.3%, 95.2%, and 97% in the 5' and 3' flanking regions-and the intron,
respectively (TableI). Additional sequence analysis has revealed that this

similarity extends for a total of at least 1.5 kb in the 5' and 3' flanking regions
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(data not shown). Comparisons of the other VeM3 gene segments to Vgyy3 | and
Vem3-2 indicate that they are significantly less similar. In general, the coding
region appears to be the most conserved and the flanking and intron regions less
so. Vgp3-3 is similar to the others only in the coding regions and in the
immediate 3' flanking region. With the exception of a conserved 16 bp sequence,
there appears to be little or no sequence similarity in the 5' flanking region.
Vgm3-o is fairly similar in both the coding and the flanking regions to VeM3-1»
Vgm3-2 and Vgpq3_y. The 5' flanking region of Vgpy3_ o contains a 27 bp direct
repeat of a sequence that is found in one copy in the flanking regions of VoM3-17
VBMB-Z and VBM3-4' The repeats are located adjacent to each other, separated
by one base pair (Fig. 3).

Mutation frequencies. As mentioned above, the coding regions appear to be
more conserved than the flanking and intron sequences. This would indicate that
selection pressure that acts to maintain the coding region sequence may exist. In
order to study this possibility, we have analyzed the mutation frequencies and
rates for the coding regions of the members of the Vgm3 family using the method
of Kimura (26) (Table II). In this method, the number of mutation events that
occurred between two similar sequences are counted and separated into different
groups. In one case, the mutations that resulted in replacements in the amino acid
sequence (replacement-site mutations) and those that did not result in re-
placements (silent-site mutations) were separated. In the other case, the
mutations in the different parts of each codon were separated; thus, all the
mutations that occurred in the first, second and third position of each codon were
tabulated separately. The mutation frequencies were then calculated using the
Kimura equation, and the mutation rates were calculated using the equation

K = 2kT
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where K is the mutation frequency, k is the mutation rate, and T is the divergence
time (27). In each comparison, the mutation frequency in the replacement-site is
much lower than the frequency in the silent site. The ratio of replacement-site
mutation frequency over the silent site mutation frequency, Ka/Kg, ranges from
0.19 to 0.29 for the functional genes, which is comparable to that of other
eukaryotic genes. The Kp/Kg ratio for the comparisons with the pseudogenes,
however, ranges from 0.33 to 0.41.

The Human Vg4 Gene Family. Comparison of the Vgy44 subfamily with other
human Vg genes indicates that, as in the murine system, the Vg gene family is
quite diverse (Fig. 4). The most divergent human Vg genes, MOLT4 (28) and HPB-
ALL (29), differ from each other by 67% on the DNA level and 74% on the protein
level (Table IIl). Interestingly, the V, gene segment utilized by the HPB-MLT
tumor (30) exhibits sequence similarity to the Vgy43 family. This V5 gene differs
by only 29% and 39% on the DNA and the protein levels, respectively, to
Vgm3-1- Because of the lesser similarity, this V, gene segment is not detectable
on a genomic blot under high wash stringencies, and therefore was not detected

earlier.

Discussion

The Vgums Subfamily. The human VBMB subfamily consists of five members
that were identified by hybridization of a V region-specific probe from the YT35
cDNA to a genomic blot of human DNA. The Vgp3 subfamily is larger than any of
the murine V, gene subfamilies characterized to date and is the size of some
immunoglobulin V gene families. A monoclonal antibody that binds to V4 regions
encoded by the gene segments of this subfamily was shown to bind to 2% of human
peripheral blood T lymphocytes, and was found to bind to T cells of both the T4t

and T8* phenotypes as well as separate Ty, Tk, and Tg populations, indicating
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that some of the gene segments in this subfamily can be used in all classes of T
lymphocytes (31). Interestingly, a Ty clone identified by this antibody as using a
Vgm3 family member (in the nomenclature of Acuto et al. (31) VZREX) has
subsequently been found to rearrange the 2.0kb EcoRI Vgp3-containing
restriction fragment (Fig. 1). Thus, this Ty clone probably utilizes Vgm3-2 in the
B chain of its T-cell receptor. In addition, the Vapm3-| gene segment is identical
to the Vg regions of the YT35 and JM cDNAs, indicating that Vem3-1 is the
germline gene segment used in the g-chain of the T-cell receptor of the MOLT-3
(3) and IJM (32) tumors. This also indicates that somatic hypermutation has not
occurred in the beta-chain gene in these tumors. This is consistent with other
studies, in which comparisons between the germline gene segments and the
rearranged Vg genes have shown no evidence for somatic hypermutation and
implies that somatic hypermutation does not occur in the 8 chain (5, 33).

Structure and Diversity of Human V‘3 Gene Segments. Analyses of the
\ 8M3 subfamily mem.bers and comparisons with other human V8 gene segments as
well as all the other V gene segment family members have identified many amino
acids that are conserved both sequence and position in all V gene segment coding
regions. Previous structural analyses of immunoglobulins have identified conserved
interactions that are believed to be important in the structure of the variable
region; in most cases these interactions appear to involve these conserved amino
acids (34-36). Of the five conserved amino acids that are believed to be important
for the interaction of the Viy and V| regions, four are conserved in the V g region.
These include the tyr 34, the gln 36, the leu 45 (Fig. 4) and a phenylalanine in the
J 8 region (not shown). The tyr 34 and the phe in the J gene segment are conserved
in light chains, the leu 45 is conserved in heavy chains, and the gln 36 is conserved
in both. Other conserved amino acids that are believed to be important for VH or

Vi the stabilization of the domains are conserved in the V, region as well. These
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amino acids include glu 4, pro 6, gly 16, cys 21, trp 33, leu 77, tyr 90, cys 92, and
ala 93. Analyses of the V  regions have shown that most of these conserved amino
acids are also present in V  regions. Taken together, these data imply fhat avV,-
Vg heterodimer will be similar in tertiary structure to the immunoglobulin V-V
binding site.

Despite these conserved amino acids, the human Vg gene segments can
differ from each other considerably. Comparison of the Vgm3 subfamily members
with other human V, gene sequences show that the human V, gene segments can
differ by as much as 67% and 74% on the DNA and protein levels, respectively.
This is comparable to the diversity observed in the murine Vg gene family, where
gene segments can differ by 62% and 72% on the DNA and the protein levels,
respectively (15-17). This indicates that the range of diversity in germline human
Vg gene segments is equivalent to that of their murine counterparts.
Interestingly, the V, gene segment utilized by the HPB-MLT tumor (30) shares
significant homology with the members of the Vgy44 family. This Vg gene segment
shares the most homology with the Vg3 | gene segment to which it is 71% and
61% homologous on the DNA and protein levels, respectively. These data indicate
that, like the immunoglobulin V gene families and the murine V  gene family, the
human V‘3 gene family may consist of multimember gene subfamilies that are
somewhat homologous to each other. This is supportive of the theory that the V
gene families were created by successive duplication, generated by mechanisms
such as unequal crossing-over events (37). This theory predicts that the V genes
will exhibit a continuum of homology, ranging from recently-duplicated and
therefore closely-related genes, to genes that diverged so long ago that they
retain only the homology imposed by V region structure. This is clearly seen in
the human Vg, gene family. In contrast, the murine V, gene family consists of

mostly single-member subfamilies that share little homology to each other (15-
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17). The significance of this difference, if any, is unknown.

Analyses of the DNA sequences of the flanking regions of the members of
the Vgpy3 subfamily have identified several sequences that resemble eukaryotic
sequences. Eukaryotic promoter sequences generally include an A/T rich region
with a canonical ATA sequence called the TATA sequence that is usually found
21-23 bp 5' to the initiation point of transcription, and the sequence CCAAT that
is found 5' to the TATA sequence (38). For the Vgy3_| and Vg3 5 gene
segments, TATA-like sequences are located 25 bp and 89 bp 5' to the methionine
codon of the leader. This may indicate that there are multiple initiation points
for transcription for these gene segments. The Vgy43_4 gene segment has only the
position 89 TATA-like sequence, whereas the Vgp 3 o gene segment does not
appear to have the canonical ATA sequence in its 5' flanking region although an
A/T-rich region is present in a similar position as the TATA sequences of the
VBM3-1’ VBMB-Z and VBM3-4 gene segments. In addition, a sequence that
somewhat resembles the canonical CCAAT sequence is located 34 bp 5' to the
TATA sequence (Fig. 3).

Analyses of the 5' flanking regions of other germline T-cell receptor V gene
segments show that many appear to have similar promoter-like sequences. The
murine Vg (39) gene segment and the (40) gene segments have the consensus
TATA sequences. Interestingly, these gene segments also appear to have the same
CCAAT-like sequence as the VBMB-I’ VBMB—Z’ v8M3—4 and VBMB-O gene
segments. This sequence, TGGCCCATTC, includes additional sequences that are
not part of the classically-defined CCAAT sequence. Other murine V, gene
segments, however, do not appear to have promoter sequences in the immediate 5'
flanking regions. Both the murine Vg, and Vg, gene segments do not appear to
have either TATA sequences or this additional sequence, and yet are expressed in

functional T-cell lines (M. Malissen, unpublished data). It is possible that the 5'
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untranslated regions of these gene segments are longer, or an intron exists within
this region. As with the Vg5 and V4, gene segments, the VgM3-3 gene segment
does not have promoter-like sequences; the only conserved portion between
Vgm3-3 and the other members of the Vgp44 subfamily is a 16 bp sequence located
90 bp 5' to the initiation codon, and 15 bp 5' to the TATA-like sequence. Its
significance, if any, is unknown. Immunoglobulin V gene segments have an
additional region of transcription control located just 5' to the TATA sequence,
known as the octamer sequence; none of the V, gene segment flanking regions,
however, has these sequences. Additional data are necessary to conclusively show
if T-cell receptor-specific promoter sequences exist.

Analysis of the Vgp 3 3 gene segment indicates that the V coding region
and the immediate 3' flanking region appears to be far more similar to the
homologous regions in the other Vgp,4 subfamily members than the intron and 5'
flanking region (Table I). Although this comparison includes the V coding region,
which is probably under selection pressure (see below), comparable numbers are
observed if only noncoding sequences are considered. The reasons for this
asymmetry in similarity are not known, as both the 5' and 3' flanking regions do
not represent coding regions and therefore should not be subjected to selection
pressure at that level. The similarity appears to begin at the middle of the intron
(position 410 in Fig. 3) and end 110 bp 3' to the gene segment. The similarity
within this region between Vgy43 subfamily ranges from 71.2 to 77%, while the
similarity in the other regions ranges from 46.3 to 50.9% (Table I and data not
shown). Although the heptames and nonamer sequences of the rearrangement
recognition signals are present in the immediate 3' flanking region, these
sequences are too small to significantly alter these calculations. [t is tempting
to speculate that this asymmetry is the result of a gene conversion event that

corrected the immediate 3' part of the intron, the V coding region, and the 3'
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flanking region of the Vgp43_3 gene segment. Similar gene conversion events have
been proposed in the immunoglobulin V gene families (44).

The 3' flanking region contains the recognition signals for DNA
rearrangement necessary for the variable region gene formation. As with all A
gene segments the Vgps4 subfamily members have recognition signals with spacer
lengths of 23 base pairs (Fig. 3).

Vg Gene Evolution. Analysis of the members of the VBMB family indicates
that the coding region is the most highly conserved. The Vgy43_) and Vem3-2 gene
segments are the most similar, indicating that one arose from the other during a
recent gene duplication event. The others are approximately equidistant from
each other in sequence similarity. Analysis of the silent-site mutation frequency
indicates that the members of the VBMB family, with the exception of VBM3—1 and
Vam3-2» diverged from each other greater than 100 million years ago, prior to the
mammalian divergence. This calculation assumes that the silent-site mutation
rate is 5.1 x 10'9/site-yr, which is believed to be approximately the same for all
genes (27). Analysis of the mutation frequencies in the replacement sites show
that the replacement-site mutation frequency is much lower than the silent-site
frequency. The ratio of replacement-site mutation frequency to silent-site
mutation frequency provides a method in which to quantitate the rate at which
two homologous genes are diverging from each other (27). This ratio ranges from
0.19 to 0.41, but from only 0.19 to 0.29 if comparisons of the functional gene
segments are considered. This is much lower than that found in immunoglobulin
Vy gene segments (G.S., S. Crews, E. Springer, H. Huang, and L.E.H., in
preparation), and approximately equivalent to that of most other eukaryotic genes
(27). In comparing the mutation frequencies in the three positions of the Vg
codons, it is apparent that the lowest mutation frequency is in the second position,

and the highest mutation frequency is in the third position. This is similar to
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other genes, and is due to the fact that the second position of the codon has no
silent sites, and the third position of the codon has the most silent sites (45). In
addition, mutations in the second position are more likely to result in
nonconservative replacements; that is, amino acid replacement changes in the
second position result in greater changes in the physical properties of the protein
(45). These data also contrast with the Vi gene segments; there, the lowest
frequency is in the first position, and the second position is consistently higher
than the third position (G.S., S. Crews, E. Springer, H. Huang, and L.E.H., in
preparation).

A murine V4 gene segment homologous to the Vgus4 subfamily was recently
identified in a g-chain cDNA isolated from a mouse spleen cDNA library (17).
Unlike the human subfamily, the murine Vgp43 subfamily is a single-gene
subfamily (17). This gene segment, denoted Vg (2), is most closely related to
Vom3-2 (Table II). The mutation frequencies in the amino-acid-replacement- and
silent-sites and the three codon positions were calculated between these two gene
segments (Table I). Like the other comparisons between the functional members
of the VBMB family, the KA/KS ratio and the relative values of K|, K, and K3 are
similar to other eukaryotic genes, indicating that selection pressure is acting to
maintain the coding region sequence. Using the K and assuming that humans and
mice diverged at mammalian radiation (85 million years ago), the mutation rate in
the amino-acid replacement site is | x 10'9/site-yr, which is comparable to the
mutation rates in g-globin genes, 1.13 x 10'9/site°yr (46), and less than that of
[FN-qa, 2.1 x 10'9/site-yr. Analyses of a large number of different eukaryotic
genes have indicated that most have amino-acid replacement-site mutation rate in
the range of 0.2-2.0 x 10'9/site-yrs (48). Previously, studies involving murine VB-
specific hybridization probes showed that homologous V4 gene segments could not

be detected in species that were closely related to the mouse, even though it was
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possible to do so with murine immunoglobulin V probes. [t was therefore proposed
that V, gene segments were mutating more quickly than immunoglobulin V gene
segments. Our data, however, are inconsistent with this theory, and indicate that
the V; gene segments are diverging at the rate of most eukaryotic genes.

V8 Pseudogenes. Two of the five members of the VBMB family, VBMB—O and
VgM3-4> are pseudogenes in that they share significant homology with a functional
géne, but have mutations that would prevent their expression. Both have in-frame
stop codons that would prevent translation of a variable region gene that utilizes
one of these gene segments. Interestingly, analyses of the mutation rates in the
two pseudogenes show that although they are mutating faster than the functional
members of this family, the difference is not statistically significant (Table I).
This implies that both Vgy3 g and Vgp3 4 have become pseudogenes fairly
recently, and therefore have not yet accumulated many mutations in the
replacement sites. Consistent with this is the observation that the in-frame stop
codons are the only crippling mutations in these gene segments; pseudogenes
usually acquire many crippling mutations over time since there is no selection
pressure to inhibit this process. The somewhat slow mutation rate in the
replacement site of pseudogenes is similar to what is observed in the
immunoglobulin T15 Viy subfamily. In this case, a recently-created pseudogene
does not appear to be mutating faster than the functional gene segments in this
subfamily, even though the pseudogene has several crippling mutations (G.S., S.
Crews, E. Springer, H. Huang, and L.E.H., in preparation.

The presence of two pseudogenes in a subfamily of five members indicates
that the proportion of pseudogenes in the V‘3 family may be very high, perhaps as
high as that of the immunoglobulin V gene families, in which perhaps 25-30% of
the members are nonfunctional. In addition, V,; pseudogenes have been identified

in 8 chain cDNAs isolated from murine and human thymus cDNA libraries (17, P.
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Concannon, L. Pickering and L.E.H., in preparation). The high proportion of
pseudogenes in the V gene families indicates that the generation of germline
diversity results in a large number of nonfunctional gene segments.

Chromosomal Organization of Vg Gene Segments. Characterization of the
genomic clones containing the five members of the Vgp43 family indicates that
two of the five membérs, VBMB-I and VBM3-2’ are only 3 kb apart. As mentioned
above, these two gene segments are most homologous to each other, and are
probably the result of a recent gene duplication event. The other members of the
family, however, do not appear to be as closely linked. Vgp 3 o was isolated on a
9 kb Eco RI fragment that does not overlap with any of the other clones. Vems-3
was isolated on a 4.3 kb Eco RI fragment; it, too, does not overlap with any of the
other clones. Vgp43 4 was isolated on two overlapping cosmids; there is a total of
35 kb of 5' flanking DNA, and 6 kb of 3' flanking DNA. The Vgp3_1-Vapm3-2
cluster was isolated on one cosmid along with 29 kb of 5' flanking DNA and 5 kb of
3' flanking DNA. Using the V-region probe, we were unable to detect additional,
less-homologous V, gene segments on these clones. Variable spacing distances are
also consistent with what is observed for immunoglobulin V gene segments. An
analysis of the T15 subfamily of Vi gene segments reveals that the average
spacing distance is approximately 23 kb, and ranges from 16 kb to greater than
60 kb (S. Crews, E. Springer, and G.S., unpublished data). The significance of the
larger spacer distances is unclear. This organization is different from that seen in
the rRNA families, which are characterized by short spacers of similar length
(49). It is believed that the high homology in the rRNA families is maintained by
frequent gene conversion events that are mediated by the already-existing
extensive homology. V gene segments are characterized by diversity, and the
occurrence of gene correction events could be detrimental towards the

maintenance of a diverse repertoire. It is possible that the large distance between
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homologous Vg gene segments may tend to reduce the frequency of gene
correction events in order to maintain VB divérsity. Alternatively, the large
spacer distances may be the results of genetic events that either created the gene
segments from a common ancestor or occurred subsequently.

Our characterization of the VBMB subfamily reveals that the structure and
organization of the human Vg locus is extremely similar to that of the immuno-
globulin V gene loci. These similarities underscore the close structural and
evolutionary relationships between immunoglobulins and the T-cell antigen

receptor.

Summary

We have isolated five germline V,; gene segments that are homologous to
the V region of the YT35 cDNA encoding the g-chain of the T-cell antigen
receptor of the tumor MOLT-3. One of these gene segments is identical to the
YT35 V region and therefore is the germline V,; gene segment that in part encodes
the variable region of the YT35 cDNA. The other four members range from
77-98% similar to the YT35 V region. Analyses of the coding region sequences
reveal that although the V,; gene segments are very diverse, they are mutating at
a rate comparable to that observed in most eukaryotic genes. Analyses of the
genomic clones show that the spacing distance between germline Vg gene

segments ranges from 3 kb to greater than 30 kb.
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Fig. 1. Genomic blots on human germline DNA with the YT35 V-region-specific
probe. The DNA samples were digested with the restriction enzymes Eco RI or
Bam HI. The sizes of the bands are indicated, along with the corresponding V,

gene segment.
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Fig. 2. Restriction maps of the cosmid and lambda clones containing the members
of the VBMB family. A) Cosmid H7.l, containing Vgm3-1 and Vgpy3.2, and the
pBR322 subclone pBH7.1R2A, the pUC8 subclones p8H7.1B6 and p8H7.1B5, and
the MI13mpl8 subclone MI8H7.1B7 of this region, B) Plasmid pBH7.IR2A,
containing the Vgp43_ | gene segment, and the M13mpl8 subclone MI18H7.1B7,
C) Cosmids HI8.1 and H9.l, containing VBM3-1+’ and the pBR322 subclone
pBH9.IR3 and the pUC8 subclone p8HI8.IRH that contains portions of these
cosmids, D) AVBM3.0, containing the VeM3-0 8ene segment, and the MI3mpl8
subclone M18VBM30 that contains a portion of this region, E) Agt clone AVBM3.3,
containing the Vgpq3_3 gene segment. Scale in each figure is in kilobases. The
thin and thick boxes represent the first and second exons of the germline V, gene

segment.
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Fig. 3. Complete nucleotide sequence of the five members of the Vems family
and their flanking regions. Gaps were introduced to maximize homology. Leader
and V coding regions are boxed and indicated. Putative TATA and CCAAT boxes
in the 5' region and the rearrangement recognition signals in the 3' flanking region
are overlined and indicated. The 21 bp direct repeat in the 5' flanking region of
VgmM3-0 Is indicated by two arrows, and the 16 bp conserved region in the 5'

flanking region of the Vgy43 subfamily members is indicated by a bracket.
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Fig. 4. Protein alignments of the V45,3 family compared with all of the human Vg
genes published to date and the murine V), gene segment. Gaps were aligned to
maximize sequence similarity. Conserved positions in human and mouse V, gene
segments (>75% frequency of a single amino acid) are indicated by an asterisk (see
Kronenberg et al., 1986). Amino acids coﬁserved in sequence and position with
other V gene families are indicated by letters in an open box: L = immunoglobulin
« and X light chain V gene family, H = immunoglobulin heavy chain V gene family,
and a = V  gene family. Invariant amino acids thought to interact with one
another to stabilize Vy-V| interactions in immunoglobulins are indicated with an
arrow. The references for the previously published Vg gene sequences are: Vall

(17), HPB-MLT (30), HPB-ALL (29), and MOLT-4 (23).
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It has been postulated that the variable region of the B-polypeptide of the murine T-cell antigen receptor is encoded by

three distinct germ-line gene segments—uvariable (V ), diversity (D) and joining (Jg)—that are rearranged to generate a

Vg gene. Germ-line Vg and J; gene segments have been isolated previously. Here we report the isolation and characterization

of two germ-line Dy gene segments that have recognition signals for DNA rearrangement strikingly similar to those found

in the three immunoglobulin gene families and in Vg and Jg gene segments. The Dg and ] 4 segments can join in the absence
- of Vg gene segment rearrangement and these rearranged sequences are transcribed in some T cells.

IMMUNOGLOBULINS and T-cell antigen receptor molecules
exhibit extensive diversity but the genetic basis and the mechan-
isms responsible for generating this diversity are well understood
only for the immunoglobulin genes'. Immunoglobulins are
heterodimers made up of disulphide-bridged light and heavy
chains each of which is divided into variable regions that recog-
nize antigen, and constant regions that control effector functions.
Genes that encode the variable region of light chains are created
by a DNA rearrangement that joins two distinct gene segments—
variable (V. ) and joining (J_)“®. The variable region genes of
heavy chains are created by the joining of three distinct gene
segments—variable (Vy), diversity (Dy), and joining (Jy)"®.
One mechanism for the generation of immunoglobulin diversity
is joining of different V,, Dy, and Jy, or V; and J_ gene
segments™'®. Also gene segments may be joined together at
different sites, leading to a junctional variability'®'? and in the
heavy chain gene family, extra nucleotides, not found in Vy,
Dy, or J,; gene segments, may be added between these gene
segments as a result of the joining process (N-region diver-
sity)'"*'>. The 3’ side of the V gene segments, the ' side of the
J gene segments, and both sides of the D gene segments are
flanked by recognition signals for DNA rearrangements. These
signals comprise three components—a highly conserved palin-
dromic heptamer, a nonconserved spacer sequence of 12 or 23
nucleotides, and a relatively conserved A/T-rich nonamer®*'4,
It is believed that these recognition sequences play a critical
role in DNA rearrangements because they are present in all
three of the immunoglobulin gene families and, therefore, have
been conserved throughout vertebrate evolution.

The T-cell antigen receptor is a heterodimer composed of two
disulphide-bonded polypeptides, a and B, that have a similar
molecular weight'*"". The genes that encode the S-chain of the
T-cell antigen receptor have recently been identified and they
share many features with those encoding immunoglobulins. The
nucleotide sequence of cDNA clones encoding the 8-chain of
the T-cell receptor from both mouse and man contains regions
similar to V and J gene segments and C genes'*?°. Distinct
germ-line V, and J; gene segments and C,; genes have been
isolated from genomic libraries?’~. Two highly similar and
closely-linked C, genes denoted Cg, and Cg; have been isolated
on a single cosmid clone of germ-line DNA and each C, gene
has a cluster of J, gene segments associated with it?. The Vj
and J; gene segments have recognition signals for DNA rear-
rangements that are very similar to those of their
immunoglobulin counterparts®'~%,

Both murine and human 8 cDNA clones encoding a complete
variable region contain eight or more nucleotides than their

corresponding germ-line V, and J; gene segments suggesting
that a portion of the B variable region is encoded by a third
gene segment analogous to the Dy gene segment of
immunoglobulins®'?. Indeed, in this paper we present the struc-
ture of two germline D, gene segments. One of these Dy gene
segments lies to the 5" side of the Jg, gene cluster and the second
lies to the 5’ side of the Js, gene cluster, between Cz, and Jg.
Recognition signals for DNA rearrangements on either side of
these D gene segments are described, as are rearrangements
and transcripts involving the Dy gene segments.

D gene segment of each J; gene cluster

The partial nucleotide sequences of four murine B8-chain cDNA
clones have been published'®. Two of them appeared to lack a
Vs gene segment but contain joined Dg-Js sequences. This
conclusion was based on several features. First, the published
sequences 5' to the J, gene segments resemble neither V, gene
segments nor the sequences found 5’ to the germ-line J; gene
segments. Second, in both of these clones the sequences 5 to
the joined J; gene segment have a recognition signal for DNA
joining that includes the heptamer, a 12-nucleotide spacer
sequence, and the A/T-rich nonamer sequence, as well as a
short sequence that could be a Dy coding segment located
between the joining signal and the J; gene segment. Two 40-base
oligonucleotides complementary to a portion of these putative
Dy gene segments and their 5’ flanking sequence were synthe-
sized using the technique of Horvath et al.**. The oligonucleotide
TS5 is complementary to a region starting at nucleotide position

56 and ending at position 95 of the published sequence of the

cDNA clone 86TS5 (ref. 19). T6 is complementary to the cDNA
clone TM86 at positions 15-54 (ref. 19). We have hybridized
these oligonucleotides to Southern blots of a genomic cosmid
clone known to contain the Jg, and Jj, gene clusters. T6 hybrid-
izes most strongly to a restriction fragment located to the 5’ side
of the Jg, gene cluster, while TS hybridizes more strongly to the
region 5’ to the Jg, gene cluster (G.S., unpublished observations).
We have determined the nucleotide sequence in the vicinity of
the hybridizing DNA fragments and have linked them by restric-
tion mapping and DNA sequencing to their respective J; gene
clusters (Fig. 1 and unpublished results).

Each of these hybridizing regions appears to contain a Dy
gene segment by the following criteria (Fig. 1). (1) There is a
S’ recognition sequence for DNA joining with a 12-base pair
spacer sequence. (2) There is a 3' recognition sequence for DNA
joining with a 23-base pair spacer. Both of these sequences are
similar to their immunoglobulin counterparts (Fig. 2). (3) One
of these sequences, or a highly similar D, gene segment, appears
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Nucleotide sequences of germ-line Dy, , and D,,., gene segments. a, The Dy, ., subclones sequencing strategy and sequence. b, The

Dg,.,y subclones sequencing strategy and sequence. The sequence from position 410 to position 844 had been previously determined on both

strands®

overlmed Seq were

. The coding nglons of the Dy and J, joining segments are boxed, and the $' and 3' heptamer and nonamer recognition signals are
db ing restriction fragments into the vectors M13mp8, M13mpl8 and MI13mpl9 (ref. 47) and

sequenced using the dideoxynucleotide method" as modified by E. Strauss (unpublished). Synthetic oligonucieotides complementary to
mouse genomic sequences were utilized as sequencing primers in some cases. The positions of these primers are indicated by the open box
at the ends of the arrows. Restriction enzyme sites are abbreviated as follows: B, BamHI; E, EcoRl; H, HindIIl; P, Pstl; PII, Poull.

to form part of the variable region of the 86T18 cDNA clone'®.
In addition, the coding sequences for these D; gene segments
are similar to some immunoglobulin Dy gene segments (Fig.
2a). We will denote the D gene segment to the 5’ side of the
Jg, gene cluster as Dg,., and the D gene segment to the 5’ side
of the Jg, gene cluster as Dg,.,. The Dy,., gene segment is
located 647 base pairs (bp) upstream from the 5'-most germ-line
Jg, gene segment (Fig. 1a; M.K., R.H., E.S., unpublished
results), while the D, gene segment is located 578 bp upstream
from the 5"-most germ-line Js; gene segment (Fig. 1b). Because
the murine immunoglobulin heavy chain locus also has a Dy
gene segment, Dq,, found 696 bp 5’ to its J gene cluster'’, there
may be some functional significance of a single D gene segment
closely linked to the J gene cluster in the germline.

There probably are additional D, gene segments that have
not yet been located in the germ-line DNA. With the exception
of three nucleotides missing from the 3’ end, the coding and §'
flanking sequences of the Dg,., gene segment are identical to
the Dy gene segment expressed in the TM86 cDNA clone. We
believe, therefore, that this cDNA clone includes the Dy, gene
segment. The 86TS cDNA Dj gene segment is also shorter than
the Dg,., gene segment by three base pairs, and in addition it
has one difference at its 3’ end and one in the 5’ flanking region
out of the 90 base pairs compared. It is therefore possible that
the 86TS D, gene segment is derived from a different germ-line
gene; comparable similarity between members of a family is

seen in several immunoglobulin Dy; gene segment families®.
Alternatively, somatic mutation or polymorphism between
inbred mouse strains could account for these differences. In
addition, the Dg gene segment in 2B4.71 , a cDNA clone from
a helper T-cell hybridoma*' specific for cytochrome ¢, is different
from the three other Dy gene segments. Thus the two Dg gene
segments identified each lie to the 5' side of their corresponding
Js gene segment clusters and it appears likely that additional
Dy gene segments will lie to the 5 side of the Jg, gene cluster.

Structure of germ-line Dy

Figure 2 shows the germ-line Dj,., and Dj,., coding and flank-
ing sequences aligned with each other, with the D, sequences
from several 8-chain cDNA clones, and with some representa-
tive sequences from the immunoglobulin heavy chain gene
family. The Dg,., gene segment has 12 nucleotides while the
Dg,., gene segment has 14 nucleotides (Fig. 2a) and they there-
fore resemble murine Dy segments, which range in size from
10-23 nucleotides?®. The sequences of both the D, and Dj;,.,
gene segments are G-rich and they are similar at 10 out of 12
nucleotides compared: they are also similar to the presumed Dy
gene segment found in the heavy chain of some oxazalone-
binding immunoglobulins®, and to the Dy, region found in the
heavy chain of the 18-81A-2 Abelson murine leukaemia virus
(A-MuLV)-transformed cell line?” (Fig. 2a). It has been
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Fig.2 A comparison of the Dy coding and flanking sequences
with those found in immunoglobulin gene segments. a, Comparison
of D, and Dy gene segment coding regions. 86TS and 86T1 are
from B cDNA clones derived from thymus RNA'?; TM86 is a
c¢DNA clone from the 3.3T hybridoma'®; D2B4 is derived from a
cDNA clone from a cytochrome c-specific T-helper hybridoma?';
oxazalone and D18-81A-2 are Dy, coding sequences deduced from
the seq of immunoglobulin heavy chain mRNAs**; Q52,
Sp2.3, FL16.1 are germline Dy, segments'"'?, b, Comparison of
Dy and Dy gene segment 5° flanking regions. ¢, Comparison of
D, and Vy, gene segment 3’ flanking regions. The flanking sequence
of four unrelated V, gene that were aligned to each other
are shown. The sequences are from the indicated references: V11
(ref. 49), V441 (ref. 50), VI08A (ref. 51) and V23 (ref. 52). V2B4
is the V, region gene from a B-chain cDNA clone from a cyto-
chrome c-specific helper-T hybridoma®'. Boxed sequences rep-
resent the nonamer and heptamer recognition signals for DNA
rearrangement. Gaps were inserted to maximize homology.

previously observed that the Dy gene segment in the 2B4.71
c¢DNA clone is similar to the immunoglobulin Dy, gene segment
Dqs; (ref. 21). It has also been observed that the coding and
flanking regions of the mouse and human D,,., gene segments
are highly conserved®. The significance of the similarity obser-
ved between the mouse Dy and Dy gene segments is unclear.
Figure 2b shows the 5’ flanking regions of the D,., and Ds;.,
gene segments aligned with each other, with the 86T5 and TM86
B cDNA clones and with n:gmeuutive members of four murine
Dy gene segment families®*. Figure 2¢ shows the aligned 3
flanking sequences of the D, ., and Dj,., gene segments. These
3’ flanking sequences are also aligned with immunoglobulin Vy
sequences as opposed to Dy, gene segments, since the Vy; gene
segments aiso have 23-base pair spacers in their 3’ joining signals.
Gaps were inserted to maximize the similarity between the
sequences. The 5’ flanking sequences of the Dy, and Dj,., gene
segments are similar at 35 out of 47 positions compared. The
Dy, and Dy,., 3’ flanking sequences share 31 out of 60 nucleo-
tides compared. Comparison of the far-flanking regions of the
Dg,., and Dy,., gene segments indicates that they share the
highest similarity at the recognition signals. Aside from these
signals, these flanking regions have little sequence similarity with
cither the 5’ flanking region of Dy gene segments or the 3’
flanking region of Vy gene segments.

Dj recognition signals

As was noted by Early et al’, the 12 and 23 nucleotide spacer
sequences of immunoglobulin joining recognition sequences
correspond to approximately one and two turns of the DNA
helix, respectively. An interesting feature of the recognition
sequences for immunoglobulin Vy and V| gene rearrangements
is that the one-turn recognition sequence is always joined to a
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Fig. 3 Junctional and N-region diversity in B-chain rearrange-
ment. Boxed regions indicate gene segment junctions. a, The cDNA
clone TM86, compared with germline gene segments Dj,, and
J g2.5. The last three nucleotides of Dy, and the first two nucleo-
tides of J,;.5 have been deleted in the joining event, and one
nucleotide of TM86 (a C at position 20) is not encoded by either
germline gene segment. b, The cDNA clone 86T1, compared with
germline gene segments Dy, ; and J,,.;. One nucleotide at the §'
end of the Dy,., gene segment has been deleted or substituted in
the Dy-J, joining. One nucleotide of 86T1 (a T at position 20) is
not encoded by either the Dy, .,0r J5,_; gene segments. No nucleo-
tides were delected from the J,,_; gene segment during the D,y-J,
joining event; the nucleotide 5’ of the first T is a G present in the
joining sequence.

two-turn recognition sequence. This rule of one- and two-turn
joining is followed in the 8-gene family of T-cell receptors as
well (Fig. 2b, c)?*®. The V, and J, gene segments have
two-turn and one-turn recognition signals, respectively, and the
Dy gene segment has a one-turn recognition signal to its 5’ side
and a two-turn recognition signal to its 3’ side. This organization
of recognition sequences permits several types of Vj gene forma-
tion consistent with the one- to two<turn joining rule: V, gene
segments may join directly to J; gene segments, Vy-Dg-Jg
joining may occur involving a single D gene segment, or two
or more D,y gene segments could join between the V; and Jg
gene segments. Thus, the organization of the recognition sequen-
ces for the B-gene family should permit additional combinatorial
joining possibilities to be employed in the generation of V,
diversity.

Junctional and N-region diversity

Junctional diversity in immunoglobulin variable regions is
caused both by the imprecise joining of V| and J_ or Vy, Dy,
and Jy gene segments that can lead to the deletion of nucleotides
from the ends of these gene segments'®'? and by the addition
of nucleotides at the junction between Vy and Dy or Dy and
Jy gene segments that are not found in either of the germ-line
counterparts (N-region diversity)'''>. Analysis of the coding
regions of germ-line Dy and J, gene segments indicates that
both mechanisms for generating junctional diversity occur in
the B-chain of the T-cell receptor. Figure 3a compares the pub-
lished sequence of the TM86 cDNA clone'?, which contains the
Dy, sequence joined to the Jg, s gene segment, to the germ-line
sequences of Dg,., and J4;.5. In the TM86 cDNA three bases
have been deleted from the 3’ end of the Dg,., gene segment,
and two bases have been deleted from the 5’ end of the Jg,.¢
gene segment. In addition, N-region diversity is indicated by
the presence of a cytidine nucleotide not found at the end of
either germ-line gene segment that is present at the D-J boun-
dary. A second possible example of both types of diversity can
be found by comparing the published sequence of the 86TI
cDNA clone'® that contains a complete variable region gene
segment joined to the Dy, and J5,.; (M.K. and R.H., unpub-
lished) gene segments (Fig. 3b). Although the central ten base
pairs of the 86 T1 Dg gene segment are identical to the germ-line
Dy, sequence, the end nucleotides have been altered. The first
nucleotide of the Dg,., gene segment at the Vz-Djy boundary
has been deleted or substituted, while the last nucleotide at the
Dg-Jg boundary has been replaced with a different base. In this
latter example, it is also possible that no deletions or additions
occur, but instead a Dy gene segment that is slightly different
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Fig. 4 Dg-J, joining in T-cell tumour DNA.
Southern blots*? of EcoRI digested DNA were
hybridized with a C,, cDNA clone** and a
fragment from a germ-line cosmid clone that
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contains J,, sequences®. Conditions used for
the Southern blots have been described pre-
viously**. a, A model for the rearrangement and
expression of the partially joined (Dg-Jg) 1 >
genes. The C; genes are depicted as open
boxes: the separate exons of these genes are
not shown. The Dy, and Js; gene segments are
numbered and are shown as vertical lines or
filled boxes. Some relevant restriction sites for
the Southern blot analysis are indicated. B,
BamHI: K, Kpnl: E, EcoRl. The rearrange-
ment presented in the figure joins the Dy, , to
the Jg,.; gene segment eliminating the third
EcoRI site as well as J4,., and leading to the
rearranged fragments described in the text.
Rearrangement to other Jg, gene segments is
also possible. The scale used to depict the tran-
scripts is expanded twofold. The dotted lines b
at the 5’ end reflect uncertainty about the struc- 1 2
ture of this part of the transcript. b, Hybridiz- AKR KKT
ation of the C,, cDNA (lanes 1, 2) and Jj, LIVER 2
fragment (lanes 3, 4) to AKR strain tumour
KKT-2 and to AKR liver DNA. ¢, Hybridiz-
ation of the C,, (lanes 5-7) and Jg, (lanes 8-10)
probes with DNA from the BALB/c tumours f
BAL3 and S49 and with BALB/c liver DNA.
In both b and c the filter was first hybridized
with Cg, the probe was removed, and the same
filter was then hybridized with the J,, probe.
The arrows denote the identically-sized
rearranged fragment that could be detected by
both probes. The esti d sizes in kilob

of the hybridizing fragments are indicated.
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from the Dg,., gene segment may be present in 86T1. It is also
possible that inter-strain sequence polymorphisms can account
for these differences, since the germ-line sequences are from
B10 mice and in this case the cDNA sequence is from BALB/¢c
mice. Because the only differences are at the boundaries between
the joined gene segments, we consider these latter possibilities
to be less likely.

Dg-Jg joining without V-D-J joining

A productive DNA rearrangement is defined as one in which
the V, D and J (or V-J) joining process occurs in such a way
that a functional polypeptide chain can be expressed. In
immunoglobulin genes a variety of nonproductive rearrange-
ments may occur, including incomplete rearrangements of Dy
and Jy gene segments joined together without a Vy; gene seg-
ment. Such incomplete heavy chain rearrangements occur
frequently in immature B cells***° but are also found in some
mature B cells''*' and T cells as well'?, and are thought to be
the first step in the assembly of heavy-chain variable region
genes. The B-gene segments may undergo D-J rearrangements
in the absence of V, joining in a2 manner similar to their
immunoglobulin counterparts. We have characterized the B-
gene rearrangements in a large number of T-cell lines,
hybridomas, and tumours (M.K., J. Goverman, M. Malissen,
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R.H., manuscript in preparation) and have observed several
cases in which the DNA from T-cell tumours have undergone
an apparent Dg-Jp joining. For example, when germ-line DNA
is digested with the restriction enzyme EcoRI and hybridized
with a Cg, cDNA probe, there are two hybridizing fragments
of 2.1 and 3.1 kilobases (kb). The 3.1 kb fragment is at the 3’
end of the Cy gene beginning close to the translational stop
codon and ending just 5' to the first J;, gene segment® (Fig.
4a). In the T-cell tumours S49, BAL3, and KKT-2, the 3.1 kb
fragment at the 3’ end of the Cg, gene is replaced by a larger
fragment that is either 3.9 kb (S49 and KKT-2) or 4.2 kb (BAL3)
(Fig. 4b, c). Hybridization of the same filters with the J;, probe
reveals two rearranged fragments in each case, including one
fragment identical in size to the one detected with the Cp, probe.
Southern blots of DNA from these tumours were generated from
DNA digested with BamHI and hybridized with the Cg, and
Jg, probes. Digestion of germ-line DNA with this enzyme will
generate a single fragment that should hybridize with both
probes (Fig. 4a). In the DNA from each of the tumours one of
the fragments hybridizing with the Jg, probe and the only
fragment hybridizing with the Cg, cDNA are identically sized
and approximately 1,000 bp smaller than the germ-line fragment
(M.K., R.H,, unpublished observations). We therefore conclude
that the rearrangements 3’ to the Cg, gene in these tumours are
small deletions. Since this deletion spans the EcoRI site just to
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Fig. § Hybridization of Dy and C, probes to RNA from lym-
phoid tissues. The probes are as follows: a, T6 synthetic oligonu-
cleotide: b, Cs cDNA clone: ¢, TS synthetic oligonucleotide. RNA
was prepared from thymus, spleen, and lymph node of 4-week-
old DBA 1/J female mice by homogenization of the tissues in
guanidinium thiocyanate followed by centrifugation through a
cushion of CsCI*®. Northern blots of total cell RNA and hybridiz-
ation with a C, probe were performed as described previously®’.
Hybridization with oligonucleotides was done at room temperature
with end-labelled synthetic probe at a concentration of
0.5 pmol mi~'. The blots were washed in 2xSSC/0.1% SDS at
room temperature followed by washing in the same solution at
37°C. One filter was used in a, b and c: following hybridization
and exposure to film, the probe was removed by stringent washing
before retesting with a second probe. The migration distance of
Escherichia coli rib | RNA molecular weight markers is indi-
cated. Other markers included mouse 28 +18S ribosomal RNA
(4.8 and 1.9kb) and MS2 phage RNA (3.6 kb).

the 5’ side of the Jg, gene cluster, the most likely explanation
for these events is that the Dg,., gene segment has joined to a
Jg2 gene segment (Fig. 4a). The slight difference in the size of
the rearranged fragment in different tumours could reflect join-
ing to different J;, gene segments. We have similar evidence
that Dg, ., to Jg, joining events can occur as well (unpublished
data). Thus it appears likely that the Dg,., and Dg,., gene
segments do participate in both complete ( Vg-Dgz-Jg) and par-
tial (Dg-Jg) DNA rearrangements. By analogy with
immunoglobulin heavy-chain genes, these partial rearrange-
ments may represent the first step in S-chain variable region
gene assembly.

Dg-Jg transcription not using V,; promoters

Northern blot analyses have been carried out on RNA from
thymus, lymph node, and spleen using both a C, probe (Fig.
5b) and the oligonucleotides TS and T6 (Fig. 5a, ¢). The C,
probe detects two species, approximately 1.3 and 1.0kb in
size, when hybridized to total RNA from the thymus. Similar
results have been obtained with poly(A)* RNA (M.K,, G.S,,
unpublished observations). Spleen and lymph node RNA have
a single C; hybridizing transcript of 1.3 kb. When RNA from
these three lymphoid tissues is hybridized with either the TS or
T6 oligonucleotide, only the 1.0 kb thymus RNA is detected. It
is important to note that both TS and T6 are complementary to
6 bases of D, coding sequences and 34 bases of 5’ flanking
sequence. These two probes therefore do not hybridize with
fully rearranged Vg-Djy-Js genes since these rearrangements
eliminate the 5" D, flanking sequence. Because the probes also
do not cross-hybridize with each other, we conclude that at least
two Dy gene segments contain 5’ promoters that permit
expression in thymus: one is the Dg,., gene segment and the
second is the Dy, , gene segment or a highly similar D gene
segment such as the one found in the 86 TS cDNA clone. It has
recently been demonstrated that each immunoglobulin Dy gene
segment also has a promoter located in the 5’ flanking DNA®.

We have hybridized both the C; probe and the D, oligonu-
cleotide probes to RNA from the S49 and KKT-2 tumours that
are believed to have joined Dj,~Jg, gene segments. The KKT-2
tumour has only a 1.0 kb transcript that hybridizes with both
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Fig. 6 A model for the evolution of the immunoglobulin and 8

T-cell receptor gene families. The number | represents the one-turn

recognition signal: the number 2 represents the two-turn recog-
nition signal.

the T6 D, oligonucleotide and a probe specific for the 3’ end
of Cg;. Several other T-cell tumours and T-cell hybridomas
contain 1.0 kb transcripts that hybridize with both Cz; probes
and the T6 oligonucleotide. However, RNA from S49 does not
hybridize with either oligonucleotide, and it contains a 1.3-kb
but not a 1.0-kb transcript when hybridized with the C; cDNA
probe (M.K., unpublished observations).

Based on the blot-hybridization and nucleotide sequence data
presented here and the partial nucleotide sequences of the TM86

‘and 86TS cDNA clones, we have presented a model for the

rearrangement and expression of the D; gene segments and
their 5’ flanking sequences (Fig. 5a). Dg-Jj rearrangement may
stimulate transcription from a promoter located 5’ to several of
the D, gene segments. This transcript is 1.0 kb long, polyadeny-
lated, and contains a joined Dg-J; gene segment spliced to the
exons normally used in the Cy gene. Although we cannot for-
mally rule out transcription from this promoter in the absence
of gene rearrangement, it should be noted that the KKT-2 tumour
has no germ-line Jg, clusters (Fig. 4c) and that a transcript
derived from a promoter 5’ to the Djg,., gene segment that
includes the intron between Dg,., and Jg,_, as well as the exons
of Cg, would be at least 1.6 kb. No transcript of this length has
been detected with any of the probes employed. The prevalence
of the 1.0 kb transcript in thymus, as opposed to lymph node
and spleen, would suggest that many of the immature cells in
this tissue have undergone a partial (Dg-Jg) rearrangement.
However, as some functional mature T lymphocytes have a
1.0-kb transcript that hybridizes with the T6 oligonucleotide
(M.K., unpublished), there is probably a low level of 1.0-kb
transcript in lymph node and spleen that could not be detected
on our biots.

Immunoglobulin gene expression in B lymphocytes is thought
to result from gene rearrangements that bring into proximity
two widely separated elements: a promoter sequence located 5
to the V gene segments®*>* and an enhancer sequence located
in the intron between the J gene segments and the C genes®>°.
In the case of the Dy-J, transcript, however, the location of
the promoter relative to any postulated enhancer would not be
greatly affected by the relatively small deletions involved in the
Dg-Jj joining we have described. Therefore the means by which
Dg-Jg joining might stimulate transcription are unknown. Fur-
thermore, Northern blots of RNA from the S49 tumour indicate
that rearrangement is necessary but may not be sufficient for
transcription. Currently, we are further characterizing the Dg-Jg
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DNA rearrangements and Dj transcripts in a number of T-cell
tumours in order to understand better the relationship between
the rearrangements and the 1.0 kb Cg transcripts that we have
described.

Are Dg-Jg transcripts translated?

In the immunoglobulin gene families, transcripts have been
described that originate from unrearranged «“* and heavy-chain
genes*' or from incompletely rearranged ( D,~J,;) heavy-chain
gene segments®’*'. Some of the RNA molecules do not give rise
to detectable polypeptides and are referred to as sterile tran-
scripts®”*2. These sterile transcripts might not be physiologically
significant, or else the RNA molecule itself might have some
regulatory function. Similar speculations apply to the 1.0-kb
transcripts containing Dg gene segments. In addition, it is also
possible that these Dg—-Jp transcripts encode functional poly-
peptides. If the 1.0-kb transcripts use the entire C gene and
the same 3’ end as is found in the 1.3-kb C; RNA, then about
100-200 nucleotides remain for the Dy coding region and its 5
flanking sequence. The nucleotide sequences flanking the Dy, .,
and Dg,., gene segments have open reading frames for more
than 50 codons. A methionine codon that is in frame with the
germ-line Dy gene segments is located 5’ to both Dg,., and
Dg,., (data not drawn for Dg,_,). Moreover, the Dy, ., flanking
sequence has a signal sequence for membrane insertion of a
nascent polypeptide*’ 136 nucleotides 5' to the D, gene segment
(Fig. 1b). A possible signal sequence is also located following
the methionine codon 5’ of Dg,., (data not shown). Alt and
co-workers have demonstrated that most immunoglobulin Dy
gene segments have open reading frames in their 5’ flanking
sequence that begin with a methionine codon followed by a
hydrophobic leader sequence. They have also demonstrated that
transcripts derived from partial Dy—Jy rearrangements give rise
to truncated C,-containing polypeptides’2. We therefore believe
that the Dg-J, transcripts will in at least some cases give rise
to truncated B polypeptides. The function, if any, of these
truncated polypeptides is unknown. Because it has been pro-
posed that the synthesis of complete heavy chain and light chain
polypeptides derived from productively rearranged genes pre-
vents further V gene rearrangement***, we might speculate that
the truncated C, and Cg polypeptides will in a similar fashion
somehow stimulate or facilitate the V gene rearrangement pro-
cess. It is also possible that these truncated proteins provide a
stimulatory signal for cell growth similar to that provided by
antigen bound to the intact receptor. Alternatively they might
function at the cell surface with regard to the development of
the repertoire of receptors via network interactions.

Evolution of gene rearrangements

It has been proposed that the ability of the antibody and T-cell
receptor gene families to undergo DNA rearrangements evolved
from the insertion of a transposable element into a primordial
uninterrupted V gene exon®** (Fig. 6). This theory proposed
the existence of a transposon with asymmetric inverted repeats
similar to those found in the joining sequences of the contem-
porary antigen-receptor gene families. If inserted in the genome,
duplication of this transposon along with a short stretch of
flanking sequence would lead to a more complex transposon
containing a proto-D gene segment (Fig. 6). Subsequent inser-
tion of this transposon into a primordial V gene would generate
a gene segment organization, at least with respect to joining
sequences, that is similar to that of the 8 genes. Duplication of
this locus would lead to two separate gene families: the 8-chain
gene family and the immunoglobulin gene family. As shown in
Fig. 6, an inversion bounded by the two right-hand inverted
repeats could generate the precursor of the heavy chain gene
family. As outlined previously*’, further duplications of this
heavy chain gene precursor could have occurred to create pre-
cursors of all three immunoglobulin gene families. A deletion
on the right hand or 3' end of the transposon as indicated in
Fig. 6 generates the proto-A gene family with its organization

of joining signals. This may have occurred via homologous
recombination between these signals. A similar deletion at the
5’ end could give rise to the x gene family.

This model can account for some of the unique features of
variable region genes. The known genes encoding antigen recep-
tors on B and T lymphocytes, cell-surface molecules of the major
histocompatibility complex (MHC), 8,-microglobulin and some
other cell-surface proteins associated with the immune system,
are believed to have evolved in part from a primordial exon
that encoded an immunoglobulin-like domain®®. With the excep-
tion of the variable region genes, each domain in these proteins
having an immunoglobulin structure is encoded by a single
exon. The insertion of a transposon into a primordial variable
region gene can account for the fact that all the V gene families
are split into several exons at a similar location. The theory
accounts for the presence of a D gene segment in only two of
the four antigen-receptor gene families and also explains the
different configurations of DNA rearrangement signals in these
families. While the evolutionary history outlined above implies
that the 8-chain gene family arose first, several other pathways
beginning with insertion of a slightly different transposon are
also possible**. Finally, this theory proposes a relatively simple
explanation for the evolution of the DNA rearrangement signals
in that it proposed these signals evolved from the inverted
terminal repeats of a mobile DNA sequence but it remains
unclear how these signals and the proteins that recognize them
became adapted for the highly regulated rearrangements of the
immune system.
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INTRODUCTION

T and B lymphocytes participate in the vertebrate immune response through
the recognition and elimination of foreigﬁ pathogens and macromolecules.
Lymphocytes possess both the specificity and the ability to react with a broad
range of structures, properties that are mediated through both T-cell antigen
receptors and immunoglobulins that serve as antigen receptors for B cells.
Despite some similarities, T-cell antigen recognition and function is different in
several important respects from the corresponding processes in B cells. First,
T cells only recognize antigens that are present on the surfaces of other cells in
the context of polymorphic cell surface molecules encoded by the major
histocompatibility complex (MHC) (1-3). The mechanism by which T-cell
receptors express an apparent dual specificity for both antigen and polymorphic
determinants of the MHC-encoded molecule is not known and has been the subject
of much debate. Second, T cells can be subdivided into separate functional
categories including cytotoxic effector cells (T) (4), inducer or helper cells (Ty)
(5, 6) and suppressor cells (Tg) (7). Since immunoglobulins encode both antigen
recognition and effector functions within the same molecule, an important
question is whether antigen receptors expressed by different T-cell functional
classes are distinct. Third, T cells mature in the thymus, an organ composed
almost entirely of developing T lymphocytes, while B cells in mammals
differentiate in the fetal liver or bone marrow (8-10). Development in the thymus
is characterized by both rapid proliferation and cell death (reviewed in 11, 12),
processes that are probably related to the expression and selection of T-cell
receptors. Finally, a number of accessory molecules play an important role in T-
cell antigen recognition and/or activation; similar molecules have not been
identified for B cells. For example, in humans the T3 molecule, composed of the

8, v and ¢ polypeptides, is intimately associated with the T-cell receptor and may
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serve as an ion channel that functions in T-cell recognition and activation (13,
14). In addition, the human T4 and T8 molecules, and their mouse equivalents
L3T4 and Lyt-2, may bind nonpolymorphic determinants on class II and class I
MHC molecules, respectively, thereby stabilizing the interaction of T cells with
their targets (15-19). Although much has been learned about the functional
characteristics of T cells, until recently little was known about the molecular
nature of the antigen-specific receptor.

The first breakthrough in the characterization of the T-cell antigen receptor
came with the generation of monoclonal antibodies that could bind to only one of
a panel of T-cell clones (20-26). These clone-specific antibodies were capable of
affecting antigen-specific activation, suggesting that they recognized the antigen
receptor. Using these serological reagents, it was demonstrated that the receptor
is composed of a disulfide-linked heterodimer composed of two subunits, denoted a
and 8, each with a molecular weight of approximately 40-50 kdaltons. Further
characterization of this heterodimer demonstrated that each chain contains
portions that are variable and portions that are constant between different
T cells, suggesting the presence of both a and 8 chain variable and constant
regions (23, 27, 23).

Study of the molecular genetics of the T-cell antigen receptor began when
cDNA clones encoding the a and 8 chains, as well as vy, a third T-cell specific gene
family whose function is unknown, were isolated using subtractive or differential
hybridization techniques (29-33). Just 16 months ago, the first papers that
characterized cDNA clones encoding the g polypeptide of the T-cell antigen
receptor were published (29, 30, 34). Since that date, over 70 papers concerned
with the T-cell receptor a and 8, and the y genes of mouse and man have been
written. Progress has been rapid, and in some areas the depth of knowledge of

these genes already approaches that of the immunoglobulin genes. This article
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summarizes the current understanding of the organization, rearrangement,
ontogeny of expression and diversification of the genes encoding the a and 8
chains of T-cell antigen receptor. We discuss the y genes as well, because of their
obvious structural similarity to the a and 8 T-cell receptor genes. We also
attempt to integrate the available knowledge of T-cell receptor genes with
theories that account for the mechanisms responsible for MHC-restricted antigen
recognition and immune response gene defects, areas that are still characterized

by controversy and speculation.

STRUCTURE AND ORGANIZATION
Structure of the «, 8 and y Chains

The polypeptides encoded by the a, 8, and y genes have significant structural
homology to the immunoglobulin genes (29, 31-37). Many of the detailed
structural features of these polypeptides have been inferred from the translated
sequences of cDNA clones. The a, 8 and y chains are 30-37 kdaltons prior to both
glycosylation and cleavage of the leader sequence. They can each be subdivided
into seven regions: a hydrophobic leader region of 18-29 amino acids that is
characteristic of all cell-surface and secreted proteins, a variable (V) segment of
88-98 amino acids, a joining (J) segment of approximately 14-21 amino acids, a
sequence of 87-113 amino acids that resembles an immunoglobulin constant (C)
region, a connecting peptide of varying length, a transmembrane region of
approximately 20-24 amino acids, and a small cytoplasmic region of 5-12 amino
acids (Figure 1). The V and J segments together constitute the V regions which
display significant structural similarity with immunoglobulin V regions, including a
length of approximately 110 amino acids, a centrally positioned disulfide bridge
spanning 63-69 amino acids, and several other conserved amino acids that are

believed to be important for protein structure. The a and g8 chains both have a
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cysteine located near their carboxyl terminus in the connecting peptide that
probably participates in the known disulfide bond linking the a and 8 subunits of
the heterodimer. The y chain also has a similar cysteine in the connecting peptide
that may participate in a disulfide bond with another vy chain to form a homodimer
or possibly with another polypeptide to form a heterodimer. The g8 and y chain
have one, and the o chain has two positively charged amino acids in its
transmembrane region. The presence of charged amino acids in this hydrophobic
stretch is unusual, although not unprecedented (38). One or more of the positive
charges in a and 8 could form an ionic interaction with a negatively-charged
aspartic acid in the transmembrane portion of the § chain of the T3 complex or

possibly with other membrane proteins.
Chromosomal Locations of the o, 8 and y Genes

The chromosomal locations of the murine and human «, 8, and y loci have
been determined by a variety of techniques. The results of these studies are
summarized in Table l. In mice, each of the three T-cell gene families that
undergo rearrangement is encoded on a separate chromosome. The gene that
encodes the murine Ca region is located on chromosome 14, bands C or D (39,
40). A group of related V, region genes were shown to be linked to the C gene
(40). In the human a gene family (41) and in the mouse (42, 43) and human (44-46)
8 gene families as well, all the data are consistent with chromosomal linkage of V
and C genes. Thus, as in the three unlinked immunoglobulin gene families, V and
C genes that are members of the same gene family yet separate in the germline
(see below), are chromosomally linked.

The genes that encode the CB regions in mice are located on chromosome 6,
band B (45, 47), which also contains the immunoglobulin « gene family (48, 49) and
the gene encoding the Lyt-2 molecule expressed primarily by MHC class I-specific

of T cells (50, 51). Genetic analysis using monoclonal antibodies directed against
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VB genes in one case (42, 52, 53), or a combination of both monoclonal antibodies
and restriction fragment length polymorphisms in another (43), have shown that
the g genes are approximately 10-13 centimorgans from the very closely linked
Lyt-2 and C_ genes. The murine y genes have been located to band A2 or A3 of
chromosome 13 (40).

The chromosomal locations of the human a, 8 and y loci have also been
determined. As described for the mouse, in humans the three T-cell rearranging
gene families are unlinked (Table I). The a locus is located on chromosome 14,
bands qll-12 (41, 54-57). The immunoglobulin heavy chain genes are also on
chromosome 14, but they are located at band q32 (58) and therefore are not
closely-linked to the o genes. The region of chromosome 14 containing the «
genes is often rearranged in T-cell malignancies (59-61). Although there is so far
no proof that these rearrangements directly involve either the a gene locus or
oncogenes, they may be analogous to the proto-oncogene rearrangements observed
in the immunoglbbulin loci in B lymphocyte malignancies (62, 63).

The relatively close linkage of the 8 and « chain genes in mice is not an
essential feature of the organization of these gene families. The human 8 chain
genes have been localized to chromosome 7 (44-46, 64-66) and the human « genes
are found on chromosome 2 (67). Data from in situ hybridization studies indicate
that the 8 genes are located on bands q32—35 of chromosome 7 (46, 65, 66),
although in some individuals a significant amount of hybridization is observed on
the short arm of chromosome 7 (bands pl5-21) (46). In the earliest study in which
metaphase chromosome spreads from a single individual were analyzed, most of
the observed grains were in fact located around 7pl3-21, and relatively few were
located near 7q32-35 (45). There is no simple explanation for the variable
hybridization of 8 probes to the short arm of chromosome 7. Although the human

y genes are located at chromosome 7 band pl5 (41), the 8 and y genes have
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diverged extensively and should not cross hybridize. Chromosomal rearrangements
with breakpoints that are close to the a, 8 and y gene loci are common in
lymphocytes from ataxia telangiectasia patients (68). To a much lesser extent,
such abnormalities are also seen in mitogen-stimulated T lymphocytes from
normal individuals (69, 70), suggesting that fragile sites in these chromosomes are

related to the sites that undergo normal gene rearrangements in T lymphocytes.
Organization of the a, 8 and y Gene Families

Using cDNA clones as probes, the organization of the a, 8 and y gene
families has been characterized (Figure 2). As in the immunoglobulins, the genes
that encode these molecules are actually composed of two parts: a variable gene,
and a constant gene. The variable gene is composed of either two (V and J) or
three (V, D and J) gene segments (71-76). Each gene family has multiple V and J
gene segments and one to three constant genes (71-79). The V, D and J gene
segments are separate in the germline and are brought together by DNA
rearrangement during T-lymphocyte differentiation to form the complete V gene
(71-76). This DNA rearrangement is mediated by rearrangement signals located
directly 3' to the V gene segments, 5' to the J gene segments, and on either side of
the D gene segments (71-78, 80-82) (Figure 3). The sequences of these
rearrangement signals in the three families are similar to one another and to those
found in the immunoglobulin gene families. These sequences are composed of a
conserved heptamer, 5'CACAGTG 3', and a conserved A/T-rich nonamer,
separated by a nonconserved spacer sequence of either 12 or 23 base pairs
(Figure 3). The rearrangement signals of any two gene segments that can undergo
joining are, with the exception of the spacer sequence, nearly inverse
complements of one another and therefore these sequences on the same DNA
strand can hypothetically base pair with one another (Figure 3a). As in

immunoglobulin genes (83-85), DNA rearrangement is believed to occur only when
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one gene segment has a rearrangement signal with a 12 base pair spacer
(approximately one turn of the DNA helix and therefore denoted a one-turn signal)
and the other gene segment has a 23 base pair spacer (approximately two turns of

the DNA helix and designated a two-turn signal) (Figure 3b).
Variable Gene Segments

The germline variable (V) gene segments of the a, 8 and y gene families are
composed of two exons separated by an intron of 100-400 base pairs. The first
exon is approximately 49 base pairs in length and encodes most of the hydrophobic
leader sequence, while the second exon of approximately 300 base pairs encodes
the remaining five amino acids of the leader and the V segment which comprises
the first 88-98 amino acids of the variable region gene (71-76). All of the «, 8 and
y V gene segments have a two-turn signal for DNA rearrangement immediately
adjacent to their 3' ends, as do the immunoglobulin Vi; and V, gene segments (85)
(Figure 3). The rearrangement of a particular Vg gene segment deletes others
from the same chromosome, suggesting that many Vg gene segments are located 5'
of both the deleted V'3 gene segments and the CB genes (R. Barth and J.
Goverman, unpublished data). However, the murine 8 locus has VB gene segments
distributed both 5' and 3' of the Cg genes. One Vg gene segment is located 10 kb
3' to CBZ in reverse transcriptional orientation (Figure 2) and is utilized by a
functional T-cell clone (86). It is not known if other VB gene segments are located
3' of the C‘3 genes. The orientation of the V  and VY gene segments, as well as the
Vi and V| gene segments, to their respective C genes is also unknown.

Figure 4 shows the amino acid sequence of the 16 known murine VB gene
segments. Like the immunoglobulin V gene families, the T-cell antigen receptor V
gene families can be divided into different subfamilies, each consisting of closely
related V gene segments more than 75% similar in DNA sequence (87-89). The 16

mouse V8 sequences constitute 14 different subfamilies. We have proposed an
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arbitrary but simple numerical nomenclature for the Vg gene segment subfamilies
and gene segments (88) which is presented in Figure 4. According to this nomen-
clature, members of the same subfamily share the first digit and differ in the
second; therefore Vs8.l’ VB&Z and v88.3 are all members of the ng subfamily.
The mouse V, gene family is unique in that hybridization of Southern blots with Vg
gene segment probes has shown that it consists of a large number of single-
member gene subfamilies. Of the 14 Va subfamilies, 12 are single copy, and the
remaining two have only three members each (87-89). One of the three member
subfamilies is VB8, and the other is VB5’ although only one of the three members
of the v85 subfamily has so far been cloned and sequenced. In contrast, the
murine V_and Vi, gene segment subfamilies contain four to 50 or more members
(90-92). Although the sizes of the Vg subfamilies are small, there are a larger
number of known subfamilies than found in murine immunoglobulin genes, where
only seven Vi subfamilies and eight V_ subfamilies have been identified (90-92).
[t is not yet known whether human Vg gene segment subfamilies are organized
similar to those of the mouse. At present only one human subfamily with five
members has been characterized (93).

A compilation of the known murine V  gene segment sequences is presented
in Figure 5 (31, 33, 94, 95). The amino acid sequences shown were translated from
the nucleotide sequence of 22 different cDNA clones. The 22 sequences can be
grouped into 11 subfamilies, and Southern blots have shown these families consist
of one to 10 members each (94, 95). The V_ gene family is therefore similar to
the V_and Vi gene families in that, with one exception, all the V  gene segment
subfamilies have multiple members. A numerical nomenclature for the mouse V
gene segment subfamilies has been proposed (94), as was done for the Vg genes
(Figure 5). The murine VY family contain at least one subfamily of three

members, only one of which appears to be utilized frequently (73) (see below).
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Two of the three members of this VY gene segment subfamily have been linked and
are in opposite transcriptional orientations (73).

Comparisons of the different V  or Vg gene segments reveal that they can
be quite diverse, differing from other gene segments in the same gene family by
as much as 70% in DNA sequence and 84% in protein sequence (87-89, 93-95).
This is somewhat more diverse than what is observed in the immunoglobulin V
gene families, where the most divergent V gene segments of the same family
differ by as much as 76% in protein sequence (90-92). Despite this diversity, the
Vg and V  genes both have conserved amino acids that are also conserved in

immunoglobulin V gene segments (see below).
Diversity Gene Segments

Two murine D'3 gene segments have been characterized (Figure 2). The
more 5' gene segment, D‘3 |» is 12 base pairs long and is identical in sequence in
mice and humans (80-82), and the more 3' gene segment, Dy, is 14 nucleotides
long (82). The sequences of both murine D, gene segments are G-rich and similar
to each other. The DB gene segments have one-turn recognition signals for DNA
rearrangement in their 5' flanking regions and two-turn recognition signals in their
3' flanking region (Figure 3) and each is located approximately 500-600 nucleotides
upstream to a cluster of J; gene segments (80-82).

No germline D and DY gene segments have been isolated and it is not known
whether such gene segments exist. Sequence analysis of both germline and
rearranged a and y gene segments shows that generally all but a few nucleotides in
the V-J junctional regions are encoded by the germline gene segments (73-76).
These additional nucleotides could be encoded by D gene segments, or they could
be the result of other mechanisms that add random nucleotides to the junctional

region in the process of joining the gene segments (see below).
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Joining Gene Segments

In the mouse there are 14 J; gene segments, at least three J, gene segments
and perhaps more than 50 J  gene segments (71, 73-78) (Figure 2). All of the
functional T-cell receptor J gene segments have one-turn recognition signals for
DNA rearrangement in their 5' flanking regions (Figure 3) and a splice-donor signal
at their 3' boundary that in the primary transcript permits splicing of the joined
V-J to the C region sequences. The Jg, J, and JY gene segments contain 15-17,
19-21 and 19 codons respectively, as well as parts of two other codons at their 5t
and 3' ends (Figure 6). As in the variable gene segment, the Jy» Jg and JY gene
segments encode several conserved amino acids that are also present in
immunoglobulin J segments and that are believed to be important for the
structure of the immunoglobulin variable regions (see below). Interestingly, the T-
cell receptor J gene segments are considerably more diverse in their 5' ends than
the immunoglobulin J gene segments (Figure 6). This extra variability occurs in a
portion of the molecule that for immunoglobulins falls within the third
hypervariable region.

The murine Jg gene segments are grouped into two clusters, J5| and Jg2
each containing six functional gene segments and one nonfunctional gene segment
(Figure 2). The Jg gene segments in each cluster are separated by 36-421 bp and
are located 2-3 kb 5' to their respective CB genes (71, 77, 78). Nucleotide
sequence analysis of 27 J -containing cDNA clones has identified 22 different
segments, implying that the repertoire of J  gene segments is perhaps larger than
50 functional gene segments, and therefore much larger than that of the g locus
which has 12 functional J gene segments, and the murine immunoglobulin gene loci
which each have 3-4 functional J gene segments (94, 95). In addition, the
organization of these gene segments is unique in that the mouse and human J

gene segments are distributed over a large stretch of DNA (74-76). In mouse, the
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J, gene segments, span from 3 kb to greater than 63 kb 5' to the C  gene (75)
(Figure 2). Thus a V, gene segment that rearranges to one of the J  gene
segments at the 5' end of the cluster, will be expressed on a very large primary
transcript that would include a 63 kb intron. Preliminary data indicate the J a
gene segments are also further apart from one another than either the Jgs Jpy or
J, gene segments, as sequence analysis indicates that no two J, gene segments
studied to date are closer to one another than 500 base pairs (74-76). There are at
least three murine JY gene segments; these are not organized in a J gene segment
cluster, but instead each one is linked 3-4 kb 5' to a different CY gene (73).
Therefore the JY—CY gene organization is similar to that of the immunoglobulin A

genes (Figure 2).
Constant Region Genes

Cg GENES In mice and humans there are two Cg genes, denoted Cg) and
CBZ (77, 78, 96-99). The 8 locus is a tandem duplication of one DB gene segment,
a cluster of seven J g 8ene segments and a C‘3 gene (Figure 2). The two CB genes
are very homologous to each other. In mouse the proteins encoded by these genes
differ by four amino acids, in humans they differ by six, and in both species the
differences are concentrated towards the 3' end of the gene (77, 78, 97, 99). In
addition, the two human CB genes share nucleotide sequence similarity extending
into some of the introns (99). The similarity between the two mouse and human
C’3 genes could be due to either a recent duplication between these genes,
selection for a conserved nucleotide as opposed to protein coding sequence, or
gene conversion events. Because the similarity between the two CB genes does
not include all of the introns nor the 3' untranslated regions, the two Cg genes
cannot have resulted from a recent gene duplication. Although selection for a

nucleotide is possible, it is more likely that relatively recent gene conversion
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events in each species are responsible for the similarity between the two C g genes
in each organism.

The murine and human CS genes are encoded by four exons that, in contrast
to the immunoglobulin C genes, do not correlate with the presumed functional
domains of the constant region (77, 78, 99) (Figure 7). In the mouse, the first exon
is 375 base pairs in length and encodes a block of 113 amino acids with homology
to immunoglobulin constant regions followed by the first 12 amino acids of the
connecting peptide. This is the only instance in which a block of sequence
homologous to an immunoglobulin V or C region is not encoded in a separate exon
in the immunoglobulin gene superfamily (see below). The 113 amino acid sequence
contains two cysteines that could form a disulfide bond spanning 60 amino acids
and is most homologous to the C, genes (37%) and the first domain of the
immunoglobulin y heavy chain constant regions (32-36%) (78). The remainder of
the connecting peptide is encoded by a second exon of 18 nucleotides and a portion
of the third exon of 107 base pairs. In immunoglobulin heavy chain constant
regions the second exon encodes a proline-rich hinge region that permits
flexibility in the constant region (100-105). Although the second exon of the Cqg
gene is positioned in approximately the same place as is the heavy chain hinge
exon, it does not encode any prolines and thus does not resemble a hinge region.
The remainder of the third exon encodes most of the transmembrane region, which
consists of neutral and nonpolar amino acids, with the exception of a single
lysine. The fourth exon of 179 base pairs encodes one amino acid of the
transmembrane region, a 5-6 amino acid cytoplasmic region and the 3'
nontranslated region.

C, GENE There appears to be only one C gene in both mice and humans
(37, 74-76). Like the C, genes, the C gene consists of four exons (Figure 7). In

the humans, the first exon is 261 bp long and encodes the region that is
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homologous to immunoglobulin constant regions. However in the C_ gene this
region is only 87 rather than 113 amino acids long and it contains a cystine bridge
spanning only 49 amino acids, as opposed to the typical 60-75 amino acids. The
second exon is 45 bp long and encodes 15 amino acids of the connecting peptide.
The third exon, 108 bp, encodes the remainder of the connecting peptide, the
transmembrane region, and a short cytoplasmic region, while the fourth exon
encodes a 3' nontranslated region of 558 bp (76).

CY GENES There are three murine CY genes (73). One of these CY genes is
a pseudogene in that a mutation in a donor splice recognition signal would
probably prevent successful splicing of a CY transcript. In humans, there are two
C, genes that are separated by approximately 6 kb of DNA (106) Unlike the C
and CB genes, the murine CY gene has only three exons (73) (Figure 7). The first
exon, 330 bp long, encodes the region with homology to immunoglobulin constant
regions; the second, 30 bp long, encodes a portion of the connecting peptide; the
third, 545 bp long, encodes the remainder of the connecting peptide, the
transmembrane sequence, a |2 amino acid cytoplasmic region, and the 3'

nontranslated region.

EVOLUTION
Immunoglobulin Gene Superfamily

A gene superfamily is a set of multigene families and single copy genes
related by sequence, implying a common ancestry, but not necessarily related in
function (107, 108). The immunoglobulin and T-cell rearranging gene families are
members of the immunoglobulin gene superfamily—named after the first well-
studied members of this family (109). Over the past five years, gene cloning and

nucleotide sequence analyses have lead to the identification of a number of other
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genes that are members of this superfamily on account of their sequence
similarity with immunoglobulins. Therefore the immunoglobulin gene superfamily
now includes the three B-cell and the three T-cell rearranging gene families; the
MHC-encoded class [ heavy chain (110, 111) and class II (112, 113) genes; and a
number of single copy genes including Thy-1 (108, 114) and MRC-OX2 (115),
antigens of unknown function that are expressed in brain, in thymus and on other
cell types; the poly-Ig receptor, which transports polymeric IgA and IgM
immunoglobulin across mucous membranes (116); the T-cell accessory molecules
T4 and T8 (l16a, 117, 118); and ez—microglobulin that is expressed in association

with the heavy chain of the MHC class [ molecule (119) (Figure 8).
Immunoglobulin Homology Unit

The polypeptide members of this gene superfamily are all constructed of one
or more immunoglobulin homology units. Each homology unit is approximately 110
amino acids long and has several conserved amino acids and a centrally placed
cystine disulfide bridge usually spanning 60-75 amino acids. From sequence
analyses, it can be predicted that the immunoglobulin homology units all probably
form a conserved tertiary structure denoted the antibody fold, which is composed
of two sheets of three to four antiparallel g-pleated strands (120). Pairs of
homology units can fold together in turn to create discrete polypeptide domains
(e.g., Vi-Vy or CL—CH) characteristic of immunoglobulins. Thus the tertiary
structure of one homology unit appears to facilitate interactions with a second
homology unit to form a functional domain. At the DNA level, nearly every
homology unit is encoded by a separate exon, demonstrating a correlation between
the distinct structural features of these proteins and the exon-intron structure of

the corresponding genes.
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Genealogical Tree

A genealogic tree has been constructed for the immunoglobulin gene
superfamily by assuming that evolutionary relatedness correlates with both the
degree of sequence similarity among the members and with other features such as
intron-exon structure and the ability to undergo DNA rearrangements (109)
(Figure 8). The figure illustrates the hypothesis that many of the molecules
important for the vertebrate immune response are encoded by genes that
descended from a single ancestral sequence. According to this analysis, one of the
earliest events in the evolution of the gene superfamily was a duplication leading
to the divergence of V and C exons. Contemporary V and C homology units have
little primary sequence similarity, suggesting an ancient divergence, although in
immunoglobulins they retain similar tertiary structures. V and C homology units
can be distinguished from one another by their length and by the presence of
certain V- or C-specific conserved amino acids. Members of the immunoglobulin
gene superfamily are composed of different numbers of either V and/or C
homology units. A second critical early event was the acquisition of the ability to
rearrange DNA, which may have arisen from the capture of a complex transposon

by a primordial V gene (121).

REARRANGEMENT AND EXPRESSION OF a, 8 AND y GENES

A large panel of lymphoid cells have been tested for rearrangement and
expression of T-cell receptor a, B and y genes. Several questions have been
addressed by these analyses. First, in light of the dual specificity of T
lymphocytes for antigen and self-MHC-encoded molecules, is it possible that two
T-cell antigen receptor molecules are expressed on individual T cells? This could
occur if other receptor gene families besides a« and 8 are expressed, or if the

expression of the V genes in at least one of the defined receptor gene families is
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not subject to allelic exclusion. Second, are there antigen receptor isotypes that
are associated with the different functional categories of T lymphocytes? Finally,
are gene segment rearrangements régulated so that they occur in a well-defined
progression, and, if so, what insight does it give us into the ontogeny of T

lymphocytes and into possible mechanisms leading to allelic exclusion?
Tissue-specific DNA Rearrangements

The available data summarized above indicate that the rearrangement
processes in the immunoglobulin and T-cell specific gene families are quite
similar. As mentioned above, similar recognition sequences for DNA rearrange-
ment are used in all six gene families (Figure 3), and the one-turn to two-turn rule
of the recognition sequences for gene segment joining is always followed. In
addition, the rearrangement processes in B and T cells are imprecise, resulting in
the addition and/or deletion of nucleotides at the junction of the joined gene
segments (see below). In spite of these similarities, the complete rearrangement
of T-cell antigen receptor and immunoglobulin genes appear to be tissue-specific.
Approximately 10% of mouse T lymphocytes have Dy;-Ji; rearrangements (122-
126), but Vi (127-130) and light chain gene segments do not rearrange in these
cells (122, 131). Similarly, only six cell lines out of a sample of more than 100 B
lymphocyte tumors and hybridomas that were examined have undergone g gene
rearrangement (F. Alt, M. Kronenberg, R. Perlmutter, unpublished observations
and refs. 132, 133, 134) and there is no evidence to indicate that these events lead
to the production of a functional 8 polypeptide. Insight into this tissue-specific
regulation has emerged from studies in which DNA constructs containing unjoined
Dg and JB gene segments were introduced into B-cell lines that carry out
immunoglobulin gene segment rearrangements (G. Yancopoulos, K. Blackwell, L.
Hood & F. Alt, unpublished data). In these cells, the 8 gene segments are

rearranged in a site-specific fashion as efficiently as Dyy and Jp; gene segments
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introduced in a similar manner. These data suggest that the DNA recombinational
machinery in B and T cells is very similar and that other cell type-specific
features such as chromatin structure may determine which gene families

rearrange in the two cell types.
Mechanisms of DN A Rearrangement

Several mechanisms have been proposed to account for immunoglobulin gene
segment rearrangements (Figure 9). The DNA between gene segments may loop
out, the stem of this loop being formed by base pairing between the recognition
signals for DNA rearrangement (Figure 3a). The stem-loop structure may then be
excised to complete gene segment joining. Most of the rearrangements in the
immunoglobulin heavy chain gene family result in the deletion of the DNA
sequences between the joined gene segments and are therefore consistent with the
deletion model (135). However, « gene rearrangements often appear incompatible
with this deletion model (136-141) and consequently three other models for
rearrangement have been proposed: homologous but unequal sister chromatid
exchange (137, 138, 140), inversion (139, 142, 143), and reintegration of the
deleted sequences (136, 137) (Figure 9).

Several of these models are required to explain the rearrangements that
occur in the 8 gene family. Although the majority of T cells (24/37) that were
analyzed in detail had a B8 gene rearrangement pattern that is consistent with the
deletion model, 13 out of 37 T cells had Southern blot patterns that could not be
explained in this way (144). In some cases, the DNA in the region between joined
gene segments was retained in the genome, an observation consistent with any one
of the three additional models (144). In other cases, a partial duplication of the
J B‘CB locus was observed, an observation consistent only with homologous but
unequal sister chromatid exchange (144, 145).

The detailed analysis of all the 8 gene segment rearrangements in one Ty,
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cell line has shown that the V g gene segment expressed in this cell had rearranged
by inversion (86). As noted above, in germline DNA one of the V, gene segments,

Vgiys is located 10 kb 3' to the CBZ gene and in the opposite transcriptional

8l
orientation to the J‘3 gene segments and CB genes (Figure 2). Two different
mechanisms were required to form the complete Vg gene in this cell (Figure 10).
First, the Dg) gene segment joined to the JSZ.B gene segment via a deletion or
homologous but unequal sister-chromatid exchange. The Vg1 gene segment then
rearranged, inverting a 15 kb sequence of DNA. One inversion breakpoint contains
the joined VS—DB—JB gene, while the other encompasses the reciprocal
recombination product containing the heptamer 3' of the VB gene segment joined
to the heptamer 5' of the D) gene segment (86). Thus, taking into account all the
data, it appears that all three of the mechanisms depicted in Figure 9 may be
employed for B gene rearrangements.

The detailed mechanisms of rearrangement in the a and y gene families have
not been so well characterized. It is also not clear why rearrangements in some of
these gene families are always characterized by deletions, as observed for the
immunoglobulin heavy chain genes, while in others, such as the k and 8 gene
families, different mechanisms also appear to operate. Any V gene segment such
as V‘3 |4 that is in the opposite orientation to the J gene segments, must undergo
an inversion in order to be expressed. Perhaps an inversion of germline DNA that
included some V gene segments occurred during the evolution of both « and 8 gene
families, therefore requiring a second inversion as a mechanism for their somatic
rearrangement and expression. The factors that might facilitate unequal sister

chromatid exchanges in some but not other gene families, however, are unclear.

Allelic Exclusion

The rearrangement of B8 genes in T cells normally occurs on both

chromosomal homologues. In a panel of 37 clonal T lymphocyte lines, only 3% of
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the J,, gene segment clusters and 13% of the JBZ gene segment clusters were in a

Bl
germline configuration (144). Densitometric analysis of Southern blots from
heterogeneous T-cell populations demonstrates that normal T cells also display a
similar degree of 8 gene rearrangement (146, 147).

Southern blot analysis of three T cell lines and the isolation of all the 8 gene
rearrangements from three others, indicates that each of these six T cells can
express only a single V, gene (86, 144, 148). Therefore, although B gene
rearrangement occurs on both chromosomal homologues, the expression of these
genes may be allelically excluded in that only one allele is productively rearranged
and used in the synthesis of a functional 8 chain in individual T cells. Whether a 8
gene rearrangement is productive is determined by the joining of the V8 gene seg-
ment, which sets the translational reading frame of the J g 8ene segments. Since
only one of the three possible translational reading frames is productive for each
J g gene segment, and because of the apparently random addition and deletion of
nucleotides at the Vg-Dg junction, in two-thirds of the Vg-Dg-Jg rearrangements
the J gene segments will not be in the proper translational reading frame.

The o and y gene rearrangements generate junctional and possibly N-region
diversity as well (73-75, 149) (see below). As a consequence, many rearranged
genes in these families should not be in the proper translational reading frame.
There is not yet enough information to determine whether o« and y gene re-
arrangements are allelically excluded, although this seems likely. Southern blots
of four cytotoxic T-cell clones initially analyzed showed they had undergone y
chain gene rearrangements on both homologues (31), and one of these T-cell clones
that was analyzed in more detail had one productive and one nonproductive y gene

rearrangement (149).
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Beta Gene Rearrangements in Different Cell Types

HELPER AND CYTOTOXIC T CELLS AND T-CELL TUMORS 8 gene re-
arrangement is nearly ubiquitous in human and murine T cells. In humans, 4/4
helper T-cell lines, 7/7 cytotoxic T-cell lines, one cell line with both cytotoxic and
helper function (150, 151), and 65/71 T-cell tumors exhibited 8 gene rearrange-
ment (132-134, 152). The remaining six tumors had germline 8 genes and they may
be similar to immature T cells, or they may not in fact belong to the T-cell
lineage. Similarly, in the mouse 28/28 helper T-cell lines and hybridomas, 16/16
cytotoxic T-cell lines, and 14/14 T-cell tumors exhibited 8 gene rearrangements
(144, 153). Therefore all cytotoxic and helper cells rearrange and probably
express B chains, although in many cases there is no conclusive evidence that
these rearrangements are productive.

SUPPRESSOR T-CELLS  Suppressor T cells are defined by a number of
different and complex immunological assays. Of 15 mouse suppressor T-cell
hybridomas tested, two exhibited 8 gene rearrangements, one had germline 8
genes, and the remaining 12 hybrid cells had apparently deleted the 8 gene loci
from both chromosomes that were contributed by the suppressor T-cell fusion
partner (144, 153). Therefore, the TS cells in these cases do not utilize the B8
chain in their antigen receptors. In contrast, five of five human suppressor T-cell
lines tested exhibit 8 gene rearrangements and there is evidence indicating that
some of these cells express a typical a/8 heterodimer (150, 151, 154). These data
imply that there may be several classes of Tg cells, only some of which utilize the
B genes, although other explanations are possible.

NATURAL KILLER CELLS Lymphoid cells that spontaneously exhibit cyto-
toxic activity against a variety of tumor and nontransformed cell types, are known
as natural killer (NK) cells. NK cells can have several g8 gene phenotypes. Cloned

murine NK lines that are cultured in the presence of IL-2 have B gene rearrange-
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ments and transcripts (155), although several rat large granular lymphomas that
display NK activity have germline g genes (156). Peripheral blood cells from
normal human donors that express cell-surface markers characteristic of NK cells
also had B gene rearrangements, although there was significantly less rearrange-
ment than was observed in T-cell populations (147). This result is consistent with
the results of an analysis of a panel of human clones with NK activity, those that
express T3 have 8 gene rearrangements and a transcripts, while those that do not
express T3 have no a transcripts and may only have DB—JB rearrangements (157).
Collectively these results indicate that NK cells are a mixed population with
regard to B gene rearrangement, and that expression of an a/8 heterodimer is not
required for NK activity. [t remains possible, however, that in some cases T-cell

antigen receptors participate in the recognition of NK target molecules.
Transcription of Beta Genes

There are two predominant size classes for the g8 transcript: a 1.3 kb RNA
that contains a VB gene and a 1.0 kb RNA that does not (82, 144, 150). The 1.0 kb
transcripts appear to be derived from rearrangements that joined a DB toa J,
gene segment in the absence of a VB gene segment rearrangement (82). In the

mouse, both D, and DBZ gene segments have been identified in cDNA clones that

Bl
contain Dg joined to Js gene segments but that lack VB gene segments, implying
that promoters exist in the 5' flanking regions of both germline Dg gene segments
(81, 82). Because the transcribed 5' flanking regions also contain open reading
frames and an in-frame methionine codon that could serve as a start-signal for
translation (82), the sequences of these rearranged DS'JB genes could encode
truncated polypeptides containing sequences 5' to the DB gene segments, as well
as DB’ JB and C[3 sequences. Although there is so far no evidence for these

truncated 8 polypeptides, in immunoglobulins the analogous Dyy-Jy; rearrange-

ments do give rise to both transcripts and truncated polypeptides containing the
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C,, gene product (158). Other transcripts that may be derived from unrearranged
genes and several aberrantly spliced g transcripts have also been observed (R.

Barth, unpublished observations and ref. 159).
Alpha Gene Rearrangement and Transcription

The C, gene is transcribed in a variety of cell types including helpers,
cytotoxic cells, many tumors, and the T3 positive NK clones mentioned above.
Two size classes of a chain RNA have been described, a 1.7 kb transcript that
contains V, sequences and a l.4 kb transcript (32, 33). By analogy with the 8
chain genes, the shorter transcript could be derived from a D -J  rearrangement
or from a J -C transcript initiated by a promoter 5' to the J  gene segment.
Consistent with the latter hypothesis is the identification of a cDNA encoding a
germline J -C  transcript (A. Winoto, unpublished). The levels of « and 8 RNA in
pefipheral T cells are roughly equivalent (32, 146, 160). However, the thymus
contains far more g than a RNA, consistent with the hypothesis that the 8 genes

rearrange and are expressed before the a genes (32, 146) (see below).
Gamma Gene Rearrangement and Transcription

Transcripts containing y gene sequences were found in 4/4 cytotoxic cells
tested, but in only 1/10 helper T-cell lines and hybridomas (31, 149) and none of
the human NK clones tested (157). This pattern of expression suggests that the y
chain and MHC class [ recognition or antigen-specific T-cell cytotoxicity are in
some way linked. Compared to 8 transcripts, y RNA is at least 10-fold less
abundant in both adult thymocytes and peripheral T cells (32, 146, 160).

While transcription of y gene is confined primarily to cytotoxic cells, y gene
rearrangement is equally prevalent in both helper and cytotoxic T-cell
populations. DNA prepared from Lyt-2 positive cells that are predominantly

cytotoxic and suppressor T cells, and DNA prepared from L3T#4 positive cells that
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are predominantly helper T-cells, had approximately the same amount of y gene
rearrangement (149). In addition, 8/10 IL-2 producing T-hybridomas restricted by
classII MHC molecules have y gene rearrangements and no germline vy
chromosomes (R. Haars, J. Kobori, N. Shastri, unpublished data and ref. 149). The
other two hybrid cells deleted the y genes that were not derived from the BW5147
fusion partner. All of the T4%, T8 human cell-lines tested also had y gene
rearrangement (106). [t is not yet known whether any of these rearrangements are
productive.

All or most of the y gene rearrangements in murine T cells are similar,
suggesting that murine VY and JY gene segment diversity is quite limited (146,
149). In the human, most cell lines have different rearrangements, suggesting that

VY gene segments may be more diverse (106).
T-Cell Receptor Isotypes

[sotypes are defined as multiple nonallelic forms of constant region genes.
The immunoglobulin heavy chain gene locus is characterized by several C region
isotypes that participate in different effector functions (reviewed in 161). There
is no evidence for C_ isotypes; only one C_ gene hybridizes with the available
probes (37, 74, 75), and this C, is transcribed in a variety of cell types (32, 33).
The CBI and CBZ genes are isotypes, yet there is no evidence that expression of
either one of these two C‘3 genes is related to the ontological development of a
T cell (146, 160), its function or the specificity for either antigen or MHC
molecule. For example, both helper and cytotoxic T cells can express either the
Csl or the CBZ genes (l44). The CBZ transcript is more abundant than CBI in
RNA from lymphoid tissues (146), and T-cell clones use the CBZ gene more often
than the C‘3 | gene (88, 144). However, this bias probably reflects an inherent
statistical bias for rearrangement of Dg gene segments to the JBZ gene cluster

(see below). Finally, the functional equivalence of Cgy and Cgp is best
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demonstrated by NZW mice that lack a Csl gene, as well as Dg, and JBZ gene
segments, and have apparently normal T-cell function (162). Since it appears that
all helper and cytotoxic and sbme suppressor T cells employ an a/8 heterodimer,
the T-cell antigen receptor apparently lacks the equivalents of both functional
heavy chain isotypes and the immunoglobulin heavy-chain class switch.

Unlike expression of the a and 8 genes, the pattern of y gene transcription
suggests that expression of this molecule, possibly in association with some other
cell-surface protein, is related either to class [ MHC recognition or cytotoxic
function. Analysis of y gene expression in MHC class II-specific cytotoxic T cells
should establish whether the type of MHC molecule recognized or T-cell function
correlates better with expression of this molecule. The lack of y gene transcripts
in some cell types, however, raises the possibility of an isotypic y chain functional

equivalent that could be expressed by these cells.

THE ONTOGENY OF T-CELL ANTIGEN RECEPTOR REARRANGEMENT AND
EXPRESSION
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